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FOREWORD

During the design of a particle accelerator, thgiorand identity of the
particle is often treated as a mathematical fictistead of an entity that must
be produced at the beginning of the acceleratimtgss. In many cases the
source of the particles must be made to fit ardilneddesign instead of being
taken into consideration at an early stage. Howeaaelerators are not the only
users of particle beams. Applications range frooviging beams of hundreds
of Amperes for fusion applications, nanoamperesrmroprobe trace analysis,
broad beams for ion implantation, space thrusteidstrial polymerisation,
food sterilisation, to medical, military and accater applications. The types of
particles involved are equally as numerous and lenged only by the
availability of a suitable source. Let's consideseadection of ion source types
which can be found.

Selection of types of ion source

Surface ionisation Plasma beam

Field ionisation Duoplasmatron
Sputter Hollow cathode

Laser Pigatrons

Electron beam ionisation Multifilament

Arc discharge Cyclotron resonance
Multipole confinement Surface plasma
Pennings Magnetrons

Charge exchange RF plasma

As can be seen, the field is vast and can not bered in a paper like
this. Instead we will cover some of those sourceghvare of interest to the
accelerator field.

In any gaseous discharge, both negatively andipelsitcharged particles
exist in approximately equal proportions along witiionized neutrals, i.e. they
form a plasma. For a simple ion source, it is ambgessary to extract the ion
from the plasma and then to accelerate it. Howexagasonable current with
good beam qualities is usually needed and the tigeof source design is to
optimise the desired ion yield and beam quality.



LECTURE COURSE
1. ELEMENTARY ION SOURCES

1.1. Introduction

This chapter is a first primer, or very basic iduotion to ion sources.
Here we discuss the most fundamental featuresno$anirces. We introduce the
terminology, describe the difference betweeni@am source and aplasma
source the specific ingredients of an ion source, araithportant features that
go together to make an elementary ion source. Whih background we
conceptually design a simple ion source and consideperipheral supporting
power supplies. Finally, we discuss the exampla gpecific kind of ion source,
noting how its features are simply the hardware adimhents of the principles
we have previously outlined.

1.2. Terminology

In the wider scientific community there is oftennfusion between the
termsplasma sourceandion source Since a plasma is an assemblage of ions
and electrons, it may seem reasonable that a dévategenerates a plasma
might equally well be called an ion generator an gource. While perhaps
logically correct, this is not how the terminologgis evolved. In conventional
parlance, by ion source we mean ion beam sourgendream generator. Most
(but not all) ion sources are plasma-based in¢hsesthat they contain a plasma
as an essential part; the plasma source, whichittdas an important part of the
ion source, is used to produce ions that are temdd into a more-or-less
energetic ion beam.

With minimal loss of generality, we might say thheé ions formed by
a plasma source usually possess little directedggne the ion drift energy is
zero or at least small compared to the mean theionaénergy. On the other
hand, the ions formed by an ion source usually gasssignificant directed
energy — the ions are in the form of a beam ane laadrift energy that is large
compared to the mean thermal energy. There ismeeqa a gradual transition
from the plasma source regime to the ion sourcenesgand in the intermediate
regime there is a gray or fuzzy area that can baght of either way — quite
productively, in fact. Consider the case of a plashat is formed in such a way
as to possess substantial drift, perhaps by malsegof the Hall effect (i.e., the
] x B force) to accelerate the plasma as a whole atahe time as it is formed.
We can view this either as a plasma with high dr#flocity, or as a relatively



low energy ion beam embedded in its own backgraewl of cold electrons.
This approach can be used as a technique for fgrion energy ion beams,
and the background electrons in fact serve theub$afction of space-charge-
neutralization and inhibition of space-charge blapvef the beam. A device that
produces a streaming plasma of this general kioftén called glasma gun

In the usual case, then, ti@n source contains a plasma source as its
most essential componeiiy one means or another, plasma is formed within
the heart of the ion source, and the hardware mutrenics needed to form the
plasma are some of the key parts of the overalbmirce setup. The properties
and features of the plasma determine to a largeneste kind of ion beam that
is produced. For example, if the need is for a hagirent, repetitively-pulsed,
small diameter beam of xenon ions, then the plasyoace that forms the heart
of the ion source should be a high density, rapetit-pulsed, gaseous (xenon)
plasma source of modest size. The ion beam is fbrineen the plasma by an
electrode system — specially shaped metal elegradewhich voltages are
applied. The plasma is located on one side of lderede structure, and the ion
beam is formed and transported originating fromdtier side. A misnomer has
evolved in that this beam-forming electrode systentommonly called the
extractor, and the grids are sometimes called xtraaion electrodes, implying
that ions are extracted from the plasma by thetrelées. Actually ions are not
“pulled out” of the plasma at all; rather, theyvildrom the plasma to the
electrode system at a rate quite independent oefiactor voltage, and are
subsequently accelerated by the extractor intonangetic beam. Thus the term
accelerator is also sometimes used to refer tobeem-forming electrode
system. Nevertheless, the term extractor is vergelyi used, and we will
continue to use this familiar terminology here whileeping in mind that the
word is not strictly correct and is of historicaigin.

1.3. The Quintessential lon Source

The ion source that we've conceptually developetasthus consists of a
plasma sourceand anextractor. lons are formed in an appropriate kind of
plasma source located within the ion source, anélactrode system, usually
called the extractor, is located so that some ef glasma flows toward it.
Voltages, often quite high voltages, are applieth® various electrodes of the
extractor system and the ions that flow towardetaccelerated and formed into
an energetic ion beam. The beam emerges from tltracex and enters the
downstream region where the ion beam applicatioaitavit. Our quintessential
lon source at its present embryonic level can h@mesented in a much-
oversimplified way as shown in Figure 1.1.
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Plasma sourc Extractor lon bea

Figure 1.1. The elemental ion source: a plasmacedor ion production
and an electrode system for forming the ions inb@am

Now consider the way in which voltages must be iadgh order to form
the wanted beam. We recognize that the plasma faimaystem will itself
require its own electrical support system. Plasatasnade electrically and they
are often confined magnetically. The electrical powsupplies, solenoid
supplies, control systems, monitoring electronets, that are required just for
the plasma part of the ion source constitute anortapt and usually
sophisticated part of the overall electrical/elecics system. But our evolving
conceptual development is not at this stage yestlffiwe need to consider the
way in which the plasma source and the extractoulshbe biased. Figure 1.1
can be developed further by adding to it the elegintentials of its components
and the downstream application region. Keeping indnthat all ion sources
operate in a low pressure environment and that #fiusboratory ion sources
are operated within a vacuum system of some kine, can consider the
downstream application region to be a metal vacabamber. Let us allow the
plasma source to be fixed at a poter¥alwith respect to ground, the extraction
system at potentidl,,, and the space within the downstream vacuum chaatbe
potential V. The extractor system may be composed of muligfdetrodes at
various potentialsVex, Vexz €tc, and we carry this along in concept; our
conclusions will not be changed by this generabmatWe can draw a schematic of
the potential distribution of the complete regienaafunction of distance along the
system, all the way from within the plasma sourtens the ions are born to the
downstream region where the ions are used, as shdwgure 1.2.

Considering our ions to be positively charged witharge state (or
lonization state)Q+, then the downstream ion energy, i.e., the eneigthe
beam ions, is given by

Ei = eQ(Vps— Ven), (1.1)

wheree is the (magnitude of the) electronic charge. Llehaw assume that the
downstream vacuum chamber is at ground potensails @verwhelmingly the
usual case. Thew,,= 0 and

Ei = eQVps, (L.2
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Figure 1.2. The elemental ion source: a) schenmatige of the source;
b) dependency the potential variation from plasmace to downstream region

That is, the ion beam energy (energy of the ionsthe@ beam) is
determined solely by the ion charge state and diage to which the plasma
source is biased. Although this is clear when wesiter the potential diagram
above, it is important to point out. It is a misception, not infrequently
assumed by beginning ion source users, that a silmplsource can be made by
placing a negatively biased grid in front of a ptassource that is at ground
potential, with the ion energy then determinedtmsy grid voltage. We see from
the above that in order to form a beam of ionsr&rgy E;, the plasma source
must be held at voltagéps = E/eQ. If the ions are positively charged, as is
commonly the case, then the plasma source museldealh positive potential,
and for negative ions conversely the plasma soshmild be negative. For
singly charged positive ions, and if we permit lasibstitution between the use
of electron volts €V) and volts Y), then the plasma source bias voltage, which
we can also call the ion source bias voltage, isktp the ion energy. In order
to form a beam of singly-ionized, positively-chatgens of energy (say)
20 keV, we must bias the ion source to a voltage of K20(See Ref. [1] for an
unusual alternative approach, however). AddingeHestures, our elementary

ion source evolves a little further and can beeaspnted schematically as shown
in Figure 1.3.



In Figure 1.3 we have included a high voltage paswgply that provides the
bias voltage necessary for the system to operdfeeinvay described above. For
simplicity we continue to assume positive ions. pheary high voltage supply is
often called the extractor supply, or perhaps nsoreectly the accelerator supply.
It determines the potential drop through which ithres fall — their acceleration
voltage. Thus the final ion energy is given byek&action voltage as

Ei = eQVexs (1.3)

which is the same as Eq. (1.2)Mfs =V« Actually, although this is usually a
good approximation it is not exactly correct. THasma potential (defined as
the potential of the plasma with respect to thd wlthe chamber that contains

it) is usually of the order of 3kTe, and the elenttemperature Te is often only
a feweV.

Plasma source Extractor Downstream region
(vacuum chamb))

Vch: 0

a)

b)

Figure 1.3. The elemental ion source: a) the @irstactor grid more-or-less incorporated into
the plasma chamber structure, b) the downstreanegpacuum chamber) at ground potential

Thus the plasma potentid), is typically of order +10/, and so can well
be neglected compared to an extraction voltageoaiesor many kilovolts.
Nevertheless, for the case of low energy ion s@jraad for the case when we



need to account for the ion beam energy with goedigion, we need to keep in
mind that the ions formed within the plasma so@eeborn at a potential that is
different from the plasma source bias voltage leyplasma potential.

1.4. lon Beam Formation

The ion beam is formed from the plasma ions by lant®de system to
which voltages are applied, commonly called theaetor. The plasma physics
of beam formation is actually quite complicatedrédee outline the extraction
process in great simplicity, just enough to letpusceed with our conceptual
development of the elementary ion source. The etdraan take many different
forms, consisting of from one to as many as fivaeirrdifferent electrodes, and
with widely different geometries. In all cases thigect is to accept into the
extractor the plasma flux that is presented toaimfthe main body of plasma,
and to accelerate the ions into a more-or-less ighm.

Note that in a quite real sense, the plasma flakttie extractor sees is the
loss flux from the plasma — the ions that are awdd for beam-forming are not
those that are confined within the plasma systetihmse that are lost from the
confinement system. Sometimes it can be that thanpeters of the ion loss
flux, that is of the ions that are formed into aive are rather different from the
parameters of the ions that are well-confined withie plasma. For example, the
charge state distribution or energy distributionthef beam ions might be different
from the plasma ions if the mechanism of ion leemfthe plasma is charge-state
dependent or energy dependent. In any case, plsms or diffuses to the
extractor region from the main plasma region. Realsly, the extractor geometry
is mainly determined by the size and shape of teted beam. If we wish to form
a small diameter beam of circular cross-sectiosn tine extractor should contain
just one small hole; we call this a single-apertiesign. If a broad beam is needed,
then the extractor should be comprised of an asfapany apertures — a multi-
aperture extractor. Each aperture might be a stimalllar hole or there may be
many slit apertures making use of rail electrodes.

Sometimes the electrodes are shaped in a way =rami of the Pierce
electrode design [2] used for optimizing the fonmatof high quality electron
beams, so as to tailor the precise field shapegomal ion beam formation. In
the simplest case, two separate electrodes are Uibedfirst electrode is in
contact with the plasma and is maintained at tisitige (for positively charged
ions) high voltage that is the extraction potentaid the second electrode is
fixed at ground potential. Thus the ion-acceletelectric field is located
between the electrodes of the extractor. The &ksttrode is often called the



plasma electrode and the second the ground electfitien the electrodes are
called grids, especially (but not only) if they afmulti-aperture design and
thus grid-like in appearance. Sometimes actual wieshes are used for the
extractor grids and in this case the terminologpfisourse very appropriate.
Wire meshes are certainly a simple and low costaagh, and they can work
satisfactorily if the ion source and ion beam reguients are not rigorous or
demanding; but more commonly metal electrodes ofesprecision are used. It
Is possible to do away with the plasma grid andde a single electrode only
[3, 4]. In this case the plasma is maintained gh Woltage as usual, and a high
voltage sheath is formed between the plasma angrthand electrode; then the
accelerating electric field is the field formed kit the plasma sheath itself.
This approach is rather uncommon in the West aethsgo have been used
more in Russia. Often a three-electrode extracésigrh is used, with the new
electrode inserted between the plasma grid angrinend grid and biased to a
relatively low negative voltage. The function oéthmiddle grid is to inhibit the
back-flow of electrons into the ion source from tmvnstream region, and so it
is often call the suppressor grid. This three-gaafiguration is also called an
accel-decel extractor system, because ions ardeaaiasl in the first gap and
decelerated in the second gap. When the extraetibage is very high, perhaps
several hundred kilovolts or even up to a megavb#n additional electrodes
are often used whose purpose is primarily to pm@addefined grading of the
very high electric field so as to be able to hoffltbe high voltage without
breakdown. Note that in all cases the final or outest grid is maintained at
ground potential; it is important that the lastcélede of the system be at the
same potential as the downstream region. Extragstems of the kind we have
discussed can be represented schematically as shdvigure 1.4.

E= eQVex E = eQVex Ei= eQVex

Figure 1.4. Simplified schematic of some differkimids of extractor systems.
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Our more-or-less fully-developed elemental ion sewran now be drawn
as shown in Figure 1.5. In this setup, we use h Watage power supply to bias
the plasma to high positive voltage, and to seettieaction voltage; this power
supply is often called the extractor power supmynd its voltage is the
extraction voltage or the acceleration voltage.

M—
Plasma ’ \

formation
electronit

Vextr Vsupp

L L L

Figure 1.5. Elemental ion source showing all esaeodmponent parts

This is the voltage that determines the ion eneRjgsma formation
requires its own power supplies and electronicstesys, and this entire
electrical package must be biased at the extragbtiage, since the plasma and
plasma containment device are also at extractittag®. This specific concern,
providing the high-voltage-biased plasma electriistem, often adds
considerable expense and complication to an ionceosystem. The ion beam
formation electrode system, i.e., the extractoat tve have chosen in this
example is a three-grid, multi-aperture system. Tingt grid (nearest the
plasma), also called the plasma electrode or plagmia is held at extraction
voltage, and might be tied directly to the plasrhamber or there might be
some small degree of electrical separation betwleemplasma chamber and the
plasma electrode. The middle grid is the suppresigmtrode, and it is held at a
fixed negative voltage to inhibit the backflow dée&rons into the ion source;
the suppressor voltage might be of the order of %he extractor voltage.
The third grid is the ground electrode, at the samotential (ground) as the
space into which the ion beam is being injected.

1.5. lon Beam Parameters

The ion beam formed by an ion source can be spddify many different
parameters, and all of the parameters can be vadeording to the ion source

11



design and operation. Some of the parameters dezndeed by the plasma
source, some by the ion beam extractor, and some¢héyoverall system

geometry. There can be interaction between thewsnparameters, and not all
are freely variable.

The ions formed can be of many different kinds. Tbes might be
gaseous or metallic (formed from a gas or from gaime.g.He" or Ti*), atomic
or molecular (ionized atoms or ionized molecules}.,eN” or N,"), singly,
doubly or multiply ionized (e.gAr" ,Ar?* or Ar'™), or as is very often the case, a
mixture. These parameters are determined by themalasource, as opposed to
the extraction system or geometry or other. An irtgod part of understanding
the overall ion source is the physics of the pladoranation and plasma
confinement system; ion source physics is plasnyaips.

The ion beam might be operated iD& mode or in a repetitively-pulsed
mode. If pulsed, the pulse length might be as lasdiundreds of milliseconds
(longer than this might be referred to as a swdcB€ mode) or as short as
nanoseconds. Beam pulsing can be achieved eithaulbyg the plasma source
or by gating the beam electrically (or magnetically even mechanically).
Operating the plasma source in a repetitively mutsede has the advantage that
the mean power levels are lower. Then the eletsystems can be smaller, and
concerns such as floating of power supplies tcaekitin voltage and source heat
removal are reduced by a factor equal to the recgrof the duty cycle, which
can be a large factor. On the other hand, plasseaand decay times are often of
the order of microseconds to hundreds of microsgs@r more, and for sub-
microsecond beams it is in general necessary ®ib#dam to be gated rather
than the plasma, for example by using a pulsecetdr configuration.

The beam energy and beam current are fundameriiaingeparameters.
The term beam energy refers to the energy pemidha beam, and is given by
Eq. (1.3) as the product of the ion charge and theetton voltage. It is usual
that the beam energy is stated in unite\ébr keVor MeV, although sometimes
simply voltage units are giv&/ or kV or MV; if the ion charge state is greater
than unity, there is some imprecision in using agdt units. In a high vacuum
ambient the ions propagate with no significant lossnergy by collisions with
the background gas. But for higher vacuum systems ga&ssures, perhaps
starting in the 10-10° Torr range depending on the particular beam ions and
beam setup, collisions with background gas neutraitslead to reduced beam
energy as well as other effects. The beam cursetita total current carried by
the ions in the beam, and this parameter too caaffieeted by gas pressure.
Collisions with neutral atoms in the gas ambienh dse charge-exchange
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collisions, in which the electron of a cold atomtiansferred to a fast ion,

leaving a fast neutral and cold ion. For exampe tlie case of a hydrogen ion
beam (protons), passing through a region of hightrakhydrogen gas pressure
(a “charge exchange cell”, if done deliberatelyg tharge exchange reaction
would be

H+fast+ Hoslow_> Hofast+ H+slow (14)

In this case a measurement of the beam currend basecalorimetric
measurement will include the neutral atom flux. &®s complicating factor in
the measurement of ion beam current is the efféatlectrons — electrons
formed by ion—neutral collisions in the backgrogas, and secondary electrons
formed by ion collisions with the metal electrodafsparts of the extractor
(“scrape-off electrons”) and by ion collisions witlhhe beam target. These low
energy electrons will form a background sea witlwhich the ion beam
propagates, held to the beam location by the pesspace charge of the beam.
The space-charge-neutralizing feature of the backyt electrons is a desirable
feature that can be critical to beam propagationttie case of a high current
beam — the ion beam maintains its integrity agatspaice-charge blow up”
because the electrons neutralize, or compensa&egpulsive forces due to the
positively charged ions. However, the cold electtoand especially that
component formed as secondaries from the ion beagett make problematic
the measurement of beam current via the curreatii@ased collector plate. The
presence of electrons within the beam is usualjghaot universal. In many
cases, special effort must be taken to form an bmam without an
accompanying cold electron background.

When the ions are multiply charged the specificataf ion current
acquires an additional twist. Since each ion themmies a charge greater than a
single electronic charge, there arise the siblingcepts ofelectrical current
andparticle current We can denote thedectrical currentof a beam of multiply
charged ions by the symbbl.. and theparticle current by I, For ions of
charge stat®+, they are related by

Ielec= leart; (15)

and thus for highly stripped ions tké&ectrical currentcan be much greater than
the particle current The unitsemA and pmA for electrical milliamperesand
particle milliamperesandeuA andpuA for electrical microampereandpatrticle
microampereshave come into use to accommodate this dichot@uath terms
are perfectly reasonable ways of describing thenbearrent. When the beam
contains a distribution of ion charge states, thteason is yet further
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complicated in that the mean charge state wheneegpd as the mean of the
electrical current fractions can be different fraemmean charge state expressed
in terms of the particle current fractions.

Other beam parameters include the beam shape zstdasharrow beam
or a broad beam can be formed, determined by th@ater geometry. The
beam divergence and the related parameters enat@mt brightness relate to
the angular characteristics of the beam, and ausgsed in detail in Chapters 4
and 5 and elsewhere. The ion beam energy spresamestimes of importance;
by this we refer to the spread in beam ion enelgy ts introduced by the
thermal energy of the ions in the plasma (ion tenampee) prior to extraction, by
any variation in plasma potential in the pre-exioac plasma that affects the
extracted ion energy, and any other energy spréadt® introduced by the
extractor or the downstream environment. The rapliafile of the ion beam
current densityj;(r), is often important, but it is difficult to form l@eam whose
profile is other than Gaussian for any significarial distance from the source

[5].
1.6. An Example

Here we describe an actual ion source setup asingkd laboratory and
described in the literature that provides a singdample of the various design
and operational features that have been outlindaeipreceding sections.

The kind of source chosen for the example is a wacarc ion source
[6, 7]. A simplified schematic of the electricalssgm used is shown in Figure
1.6. This system follows the approach presentedhm foregoing in the
following ways:

— the plasma in this case is formed by a vacuundiaoharge;

— the plasma source itself is the region labeleat™n the figure.

In this particular method of plasma formation, gi@sma is created at the
cathode surface and streams away from the catlovekrd the anode. Some of
this plasma is allowed to stream away from the @®uhrough a hole in the
anode toward the ion beam formation electrode$adt the ion source design
attempts to maximize the amount of plasma thatksrt from the plasma source
to the extractor.

Thus the plasma region and the extractor regionnases-or-less two
separate and distinguishable parts of the ovemalsource configuration.

The plasma formation system is biased to high peswoltage. This
includes the plasma chamber, the components that thre arc, the triggering
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system, the arc power supply, and the first grithefbeam formation electrode
system (i.e., the “plasma grid” of the extractostsyn).

The first extractor grid (plasma grid) is tied toetanode through a
resistor.

In this way the grid is held approximately at tlaeng potential as the arc
anode, while limiting the current that can be dratenthe grid (and hence
limiting arcs to the grid).

The middle extractor grid (suppressor grid) is &kt a modest negative
voltage. Its purpose is to stop the flow of backastning electrons from the
downstream region back into the ion source.

The outermost extractor grid (ground grid) is teedground potential,
which is the same potential as the grounded vaccliamber into which the
beam is transported.

— Arc ) — Extractor )

| »

Cathod Anode

| —
ET, g WJ\

vvyy

H

Supressor

+ Extractor .

Figure 1.6. Simplified schematic of the electrisgbtem
used to drive a vacuum arc ion source

Thus we have all the components necessary to fornergrgetic ion
beam: the plasma is formed at high voltage, arglthiis voltage that determines
the ion energy. lons are created within the plasand,they undergo a potential
drop equal to the extractor voltage, between whiseg are created and where
the beam is transported (the space external tathsource, which is at ground
potential). The suppressor grid serves its eledbtonking purpose, and its
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voltage is unrelated to the ion energy. Since d#lithee plasma formation
equipment, including the arc power supply, mushbiased to extractor potential,
there is some advantage in the simplicity gainedisigig a pulsed arc system —
in this way the average power that has to be ftbaienigh voltage is less than it
would need to be for an equivalent d.c. power suppl

For this particular kind of source, the vacuum &me source, typical
parameters could be an extractor supply voltageliarup to say 50-10KV, a
suppressor supply voltage that could be fixed ab—35kV, a pulsed arc current
(current driving the arc, during the arc-on timéysay 200A, an arc pulse length
of say 500ms a repetition rate that could be variable in t#wege 1 to 50 pulses
per second, and thus a duty cycle that could behlarup to several percent
depending on the pulse repetition rate. The puilsedbeam current might be
several hundred milliamperes of metal ions.

Conclusion

lon sources are widely used throughout a wide rangephysics
disciplines and in many related application arddsny different kinds of
sources have been developed, and the plasma plogsicse complicated, but
the basic underlying principles of all ion soureges simple and straightforward.
Elementary ion sources can be made in the labgrdt@t can be perfectly
adequate for many experimental purposes, and okenideas for ion source
design, construction and operation can be develapddested in the laboratory
without need for expensive and elaborate equipn#drthe other extreme of the
ion source spectrum, sophisticated and high pedoo® sources with ion beam
parameters pushing the limits of the possible axerheless still based on these
elementary principles.
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2. ION EXTRACTION
2.1. Introduction

In general an ion source consists of two parts. fiils¢ is the plasma
generator that provides ion production and thugseseas an ion reservoir. The
second is the extraction system for accepting ivosn the reservoir and
forming an ion beam. Both parts of the source mayréated independently as
long as the plasma generator provides ions atdabeined current density and
covers the whole area of the extraction system. Emeraction system
determines the beam properties such as ion cuarehbeam quality in general.
The extraction system thus fulfils the task of dohepthe plasma generator to
the beam transport system that follows.

Discussion in this chapter is restricted to theecakextraction systems
with circular aperture, for extraction of positiyetharged ions, and without
magnetic field in the vicinity of the extractor.tAbugh extraction systems are
treated in general, most examples are focused gim durrent, high brightness
ion sources for particle accelerators.

For the case of space charge limited extractiom,Ghild—Langmuir law
provides a fundamental means for estimating themax extractable ion beam
current. This law is introduced together with sage@eral aspects of extraction,
followed by a theoretical description of beam gyaéind the emittance of an
ion beam.

A refined treatment of ion extraction is then preed, considering as an
example the extraction system for a high intensigton beam designed for the
IFMIF (International Fusion Materials Irradiatioraétlity) [1] project. Even
though this treatment is given as an examplehalrésults are universal and can
be applied to other ion species or beam energies.

Strong emphasis is placed on multi-aperture extnacsystems. The
effect of a multi-aperture system on the beam patamis pointed out and
exemplified by a high intensity bismuth beam*jBor the HIDIF/HIF (Heavy
lon Driven Inertial Fusion/Heavy lon Fusion) sceo42].

Since the initial ion energy distribution has greatpact on beam
formation within the extraction system, in parteubn the extractable ion beam
current, beam properties are discussed in termsitadl energy, thus defining
the starting conditions for the extraction.
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2.2. Fundamentals of lon Beam Formation in the Extaction System

lon extraction from a charged particle reservag, a plasma, and ion
beam formation is done by a so-called extractiagiesy. The simplest type is a
two electrode (diode) system which is shown schiesait in Figure 2.1.

The extractor consists of a plasma electrode atiyp®gotential and a
ground electrode at ground potential. The eledild strength E is given by the
voltage U and the distance d between plasma etkctand ground electrode.
The emission surface of the ions at the plasma derynis called the plasma
meniscus [3]. Electrons coming from the plasmarafiected at this boundary if
their energy is less than the potential drop betvtke two electrodes.

PE GND

Ton Beam

o

Plasma

Plasma
Meniscus =

Figure 2.1. Diode extraction system and beam faonat
PE — plasma electrode; GND — ground electrodegdp-
distance; d* — real gap distance; r — apertureusadi

The extracted ion beam current is either limitecebyission or by space-
charge forces. For the second case the extractaflesion current density can
be calculated by the Child—Langmuir law [4, 5]tls case the emission area is
assumed to be planar and infinite, with ions hawego initial energy in the
longitudinal direction (z-direction). Then

4 Zd 1 3/2
o =—TEy, [ ——U 2.1
L=y 0y m a2 (2.1)

where g, is the vacuum permittivitye the electronic unit charge, the ion
charge statem the ion massg the gap width, and) the potential drop. The
electric field strength is given bg=U/d. Eq. (2.1) is strictly valid only for
electrons coming from a fixed emitting area.

The total ion beam current that can be formed franaylindrically-
symmetric extraction system is then given by theression
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4 26 .2, ,3/2
|~ =—TE,, [—S“U 2.2
L=y 0y - (2.2)

where S = r/d is the aspect ratia, is the radius of the hole in the plasma
electrode, an@= pris the emitting area.

Sis constant for a given extraction system, andefioee the extractable
ion beam current is proportional t¥*>. The proportionality constant is called
the perveancP of the extraction system,

4 [2
=§mo\/§8. (2.3)

The perveance P* of an ion beam is given by

* I

P :—U3/2. AP

The current density given by Eq. (2.1) dependshenplasma density N at
the plasma meniscus. All ions with a small enemyonent in the z-direction are
able to leave the plasma. Therefore the shapeegbldtsma meniscus reflects the
condition that the space-charge limited currentsiermn Eq. (2.1) equals the ion
current density. The distanck between plasma meniscus and ground electrode
adjusts in such a way that the electric field gjtierat the plasma meniscus is zero.

Figure 2.2 shows the results of an AXCEL-INP [Ghslation for a diode
system with three different plasma densibigsN,, Ns. If the plasma density is too
low the distance* increases and the emitting area is concave shklee plasma
density is too highNs) the distancel* decreases and the emitting area is planar or
even convex. Note that for all three cases the sanlgge is applied. Case two is
the most important case for many applications, lezdhe ion beam trajectories
have minimum divergence angles at the exit of ¥aetion system.

Figure 2.2. AXCEL-INP simulation for a diode systenth three different plasma
densities and the same voltage drop. From lefgtd:MN; < N, < Ns.
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For the case of a diode system, electrons thaganerated within the
beam channel are accelerated towards the plasmanapcchange the charge
state distribution in the emission region. Furthemn these electrons may not
contribute to space charge compensation of thebeam right behind the
ground electrode. Without space charge compensatiothe ion beam the
divergence angles of the ion beam trajectoriescame rapidly after extraction.
Therefore a third electrode, the so-called scregwinsuppressor electrode, is
placed between the plasma electrode and groundrade¢c and held at a
negative potential; we then have a three-electardgiode extraction system.
This electrode gives rise to a potential hump li@se electrons. In the case of a
triode system the absolute value of the negativerpial has to be added to the
potential used in Eq. (2.1).

Electrons generated in the ion beam have enerf@$eaveV up to a few
tens ofeV, so a potential hump of —100 on the axis is high enough in most
cases to screen the electrons. Figure 2.3 showX@kL-INP simulation of the
potential lines formed in a triode system with anthout ion beam. The applied
voltage is 5%V for the plasma electrode and k¥ for the screening electrode,
the aperture radius of the screening electrode nsnd and the length of the
electrode is 4nm The minimum voltage on the axis is —17@8vithout ion
beam and —48Y with ion beam (see Figure 2.4).

Figure 2.3. Triode system with potential lines frefkV to 55 kV. Electrodes from left to
right: Plasma electrode (PE), screening electr&dg,(ground electrode (GND).
Left: Potential lines without ion beam. Right: Rdtal lines with ion beam
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Figure 2.4. Left: Potential along the z-directioithraand without ion beam.
Upper curve is the potential line with ion beangiRi Negative potential along the axis
(z-direction) with and without influence of ion bea

2.3. Beam Quality

To characterize an ensemble of particle trajecdcaienathematical model
of the emittance is useful. This model expressedrtjectories in terms of their
position in phase space (position and momentum)e Bix-dimensional
distribution function can be written as

f=f(xy.z B, B 9. (2.5)

External forces as well as space-charge forces fthm particles
themselves are essential for the movement functibrisere is no acceleration
in the z-direction, the timecan be replaced by positianIf the momentum in
the z-direction is much greater than in the trarsyalirection (x-, y-direction),
the radial momentum can be replaced by the oraitgle,

x=Px y=P (2.6)
P, P,

By superposition of single particle motion it issgble to divide the six-
dimensional distribution function of Eq. (2.5) indotwo- and four-dimensional
subspace. We get the two-dimensional distributionctions f*, and f*, by
integration of the four-dimensional Eqg. (2.5) ovéne complementary
coordinates, X andy, y’,

f, =[] fdydy, £ =[] fdxd. (2.7)
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The emittance of an ion beam is the smallest aretha 2-D subspace
divided bym,

1 1
ge=" ij dxd¥, €, = ij dydy. (2.8)

If only conservative forces are present, Liouvdlegheorem is valid,
stating that the density and therefore the volumghiase space is constant [7],

df
—=0
dt
Liouville’s theorem is also valid in all subspaa#sthe six-dimensional
phase space. This ensures that the emittance (2 BJ.is a conserved value.

In accelerator physics it is common to match théttante figure to an
ellipse

(2.9)

£ = yx& + 201 % + B X2 (2.10)
with the scaling
By-a?=1. (2.11)

Figure 2.5 illustrates the emittance ellipse-+x’ phase space.

A x
Kf!ﬂ':m::z] = _am
o F
' _ -
Xix=m) =&/ E!
K1'nu( = 'JSY N ’ .
v'= e K[.‘C:m.l:-.’} =—O4fE/ B
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>
X
>
Xiwoy = VELY
[ >
X = '\'EB

Figure 2.5. The emittance ellipse
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To compare emittances at different beam energies mecessary to
normalize the emittance with the common relatigip@rameters,

€x.norm = BYE (2.12)
and
€y.norm = BYE (2.13)
with
BzB andy = 1~ (2.14)
C l_BZ

whereU is the speed of the ions a@dhe speed of light.
The relativistic parametd} can be calculated from the beam parameters

B=1. 46[&03@ (2.15)

where { is the charge state of the idd,the acceleration voltage kV, andA
the ion mass iatomic units

One way to compare emittances which are basedftematit distributions
is to calculate the second order momentum from @hasand Lapostolle. The
so-called rms emittance for the two dimensionakpabe is given by [8].

REFERENCES

1. IFMIF Final Report, IFMIF CDA-Team / ed. M. Marte. — Roma : Centro Ricerche
Frascati, 1996.
2. The HIDIF Study, Report of the European Studypupron Heavy lon Driven Internal
Fusion for the Period 1995-1098, GSI-Report. — 1998
. Self, S.A. Phys. Fluids / S.A. Self. — 1762 (3P6-Ne 6
. Child, C.D. Phys. Rev. / C.D. Child. — 1911Se(. 1) 32, 492.
. Langmuir, 1. Rev. Mod. Phys. / I. Langmuir andflKCompton. — 1931. — 3, 251.
. Spadtke, P. INP, Junkernstrasse / P. Spad®@, 65205. — Wiesbaden, Germany.
. Liouville, J. J. Math. / J. Liouville. — 1838.3+-324.
. Sacherer, F.J. IEEE Trans. Nucl. Sci. / F.Jh&a. — 1971. — NS-18, 1105.
. Guyard, J. CERN/PS/LIN 76-3 / J. Guyard and Mis4. — CERN, Switzerland, 1976.
10. Lapostolle, P. Proceedings of the Internatiodahference on lon Sources, Vienna,
Austria.
11. Allison, P. Report LA-8808-MS / P. Allison, J.Bherman and H.V. Smith. — Los Alamos
Nat. Lab., 1981.
12. Pierce, J.R. Theory and Design of Electron BeahR. Pierce. — Van Nostrand, Toronto, 1954.

© oo ~NO Ok~ w

23



13. Becker, R. Rev. Sci. Instrum. / R. Becker. 96.9- 67, 1132.

14. Rev. Sci. Instrum. / J.R. Coupland [et al.1943. — 44 , 1258.

15. Brown, I.G. The Physics And Technology of loou&es / I.G. Brown. — Wiley, New

York, 1989.

16. Kilpatrick, W.D. Rev. Sci. Instrum. / W.D. Kérick. — 1957. — 28, 824.

17. Hollinger, R. Rev. Sci. Instrum. / R. Holling&t. Volk and H. Klein. — 2002. — 73, 1027.

18. Rev. Sci. Instrum. / R. Hollinger [et al.]. 60D. — 71, 836.

19. Allison, P. Comparison of Measured EmittancaroH— lon Beam with a Simple Theory /
P. Allison, J. Sherman. — CIC-14 Report CollectiaA-8808-MS, Los Alamos Scientific

Laboratory. — 1981.

20. Rev. Sci. Instrum. / M. Weber [et al.]. — 199&9, 1066.

21. Nucl. Instrum. Methods Phys. Res. / M. Weber[g. — 1998. — A 415, 339.

22. Electron Heat Dissipation Limits on Multi Aperé lon Source Performance :
proceedings of the Second International Conferamcdéon Sources / H.C. Cole [et al.]. —
Wien, 1972.

24



3. High Current Gaseous lon Sources
3.1. Introduction

Rapid progress in the physics and technology oh lagrrent gaseous
positive ion sources was witnessed in the 196094, 98riven by large-scale
research projects concerned with heating of maggti confined
thermonuclear plasma [1], development of inert glastric thrusters for space
propulsion [2], and processing of materials [3].isThvork resulted in the
development of powerful neutral beam injectors @wiplg quasi-steady-state
sources of hydrogen and deuterium positive ion Isearith current up to 108
and energy up to 10KeV, as well as large diameter electron bombardment io
thrusters with heavy inert gas ion beams of curtgnto several amperes and
energies of ~keVfor orientation and correction of the orbit of epasehicles.
With the advent of high current ion sources sinbe t1970s, materials
technologies based on high flux ion irradiatiorglsas ion beam sputter etching
and sputter deposition, surface modification ofatseeaind alloys, and ion-beam-
assisted deposition of coatings have seen widadprgawth in both
fundamental science and technological applicatidhge Bohm relationship for
the ion current density that can be drawn fromaspla has the form [4]

ji =0,4ne (KT, / M V2, (3.1)

where n is the density of the undisturbed plasma;

Te IS the electron temperature;

M; is the ion atomic mass.

It follows that the primary means for increasinge tburrent of ions
extracted from the plasmg,= |;S, is to increase the plasma density and/or the
plasma surface aré&anoting that for most plasmas Te is only weaklpetalent
on the discharge parameters. Note also that Ed) (Bplies that, all other
conditions remaining equal, increase in the atomass of the gas leads to a
decrease in the extracted ion current. For thessores the development of high
current gaseous ion sources was focused mainlyhensearch for efficient
methods of generation of dense plasma with a langiting surface and broad
ion beam formation. A high ion current density lag¢ pplasma boundary equal
to ~10° Acm” was achieved in Ardenne’s source of the duoplasmaype with
geometric and magnetic constriction of the discbacglumn [5]. However,
according to the Child—Langmuir law [6, 7] for thpace-charge limited current
density,
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j = (4ey 19) (22 /M H2U32112) (3.2)

the required electric field exceeds by a largediattie breakdown field strength
for such a high current densptyHereU andl denote the voltage applied across
the accelerating gap and the gap length respegtiVel increase the ion beam
current Lamb and Lofgren [8] proposed reducingdéasity and increasing the
plasma surface area using an expansion cup attlet of the plasma generator.
However, a single-aperture beam formation systems dwt provide a large
increase in ion beam cross-section, because th@aandjvergence of the ion
beam grows with increasing aperture of the ionagptifo form high current
beams in large area ion thrusters multi-apertureaptics systems were first
used by Kaufman [9] and then adapted for neutrahb@jectors by Hamilton
[10]. Efficient operation of multi-aperture ion og requires a uniform plasma.
The surface area of the plasma in high currentcesumay be as large as
10* cn? with a non-uniformity of ~5%. The maximum hydrog@n beam
current density, which is limited by breakdown bé taccelerating gap, reaches
0.7-1.2A cm? at energies from 15 to 4@V[11]. But in quasi-steady-state high
current ion sources the maximum ion current densityenerally restricted to |
< 0.25 A cm? [12] due to the high power density deposited oa $ource
surfaces and limited cooling rate. As the voltagmcreased further, the limiting
value decreases because the working strength obdbelerating field grows
quickly in accordance with Eq. (3.2). The drophe timiting current density with
decreasing voltage is due to the fact that theffelength of the accelerating gap,
which depends on the electrode thickness and tleedmmeter, decreases more
slowly than the distance between the ion opticstiEides.

The maximum beam current density for Re8/argon ions is 4.2hA cm?
for a two-electrode system and 8@\ cm? for a three-electrode system [13].

3.2. Basic Types of High Current lon Sources

High current gaseous ion sources may be dividemhrding to the type of
low pressure gas discharge used, into hot filaroatitode sources, cold cathode
sources, and high frequency plasma sources [l4inn@m features of all
include the use of a high current discharge andiagpeneans to provide
efficient electron impact ionization of the gas,xmaum utilization of plasma
ions, and minimal flow of neutrals from the gasctisrge system. The energy
efficiency of the discharge can be defined as #t® of the ion current at the
extractor (screen or plasma) grid to the dischaygeer input, and is thus
specified in units oA kW™,
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The energy efficiency of the ion source dependshentransparency of
the extraction grid and is determined by the rafitbeam current to discharge
power input. Alternatively the reciprocal valuehetdischarge energy loss per
beam ion €V ion") — is frequently used. Thus if the ion energy esteeds (as
it usually does) 2-3 times the ionization energytte gas due to additional
energy loss for excitation of gas atoms, the eneast of ions moving toward
the extraction grid increases inversely proportidodhe ratio of the grid area to
the total ion loss area from the discharge, andethergy cost of beam ions
increases inversely proportional to the transpareiche extraction grid. The
energy efficiency of the ion source is a most ingatr parameter, allowing one
to estimate the degree of ion source perfectioe. Jas efficiency is defined by
the ratio of ion current to gas flow in comparahtdts (ions in the beam/gas
atoms into the source).

In filament driven discharges, electrons acquireirtrenergy in the
cathode sheath of the space charge and the ddabtacelayer that is formed in
the region of an abrupt change in the cross-seditiarea of the discharge gap
[15]. The electrons move towards the anode andpdiestheir energy in plasma
generation. The ion generation rate per unit volusndetermined by the ratio
between the density of ionizing electrons and teegrgy relaxation time. To
improve the energy efficiency, the conditiay™> z, should be met, wherg is
the lifetime of electrons in the plasma before iotpay the anodez, can be
increased by a transverse magnetic field that impetthe drift of primary
electrons to the anode, or an electrostatic patedistribution can be set up so
that electrons oscillate within the potential welrhaps with an axial magnetic
field to help.

Most modern high current ion sources make use dficugp magnetic
field systems in which a strong transverse fieldesablished along the
periphery of the discharge system near the anodaceu The field decreases
steeply with distance from the magnetic system.hSac magnetic field
configuration, usually produced by rows of permdnmaagnets with alternating
polarities, was used first by Moore [16] and thgrLbmpaecher and MacKenzie
[17]. Primary electrons oscillate within the intgrregion that is virtually field-
free and, because of multiple reflections of thecebns within this “magnetic
bucket”, the electron distribution becomes isottopnd uniform, while the
generated plasma turns out to be quiescent anddemous.

High frequency discharges make use of the accelaraf electrons in a
high frequency electromagnetic field to energiefigant for ionization of gas
atoms. Minimizing electrode erosion is an importdesign feature of such
sources. Whereas ECR ion sources utilize a resenhatween the applied
electromagnetic field frequency and the electronclatyon frequency,
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wapp = Wce [18], dense plasmas of singly charged ions caprbduced by a
microwave discharge in a magnetic field that is me®onant and at higher gas
pressures than for the ECR discharge. The workireguency of such
microwave sources is typically@Hzto several tens dsHz

Absorption of field energy can be increased, howewe choosing a field
frequency of the same order as the electron—nectthsion frequency in the
plasma, leading o generation of dense plasma Fat]gas pressures typical of
ion sources, this condition is met for radio freggies (RF) in the broad range 1
to 100MHz

Cold-cathode ion sources are capable of long tgrenation with reactive
gases. Commonly these sources employ differentskiofd glow discharge
plasmas with electrons oscillating in a magnetddfior a hollow cathode glow
discharge with a thin wire anode [19]. However, ¢éimergy and gas efficiencies
of low pressure glow discharge sources are muclkerdman for filament driven
ion sources. This is explained by the large endogg for the cold cathode
electron emission and the relatively high gas pressecessary for a self-
sustained glow discharge. The high operating veltafythe discharge, several
hundred volts, leads to ion sputtering of the cdéhmaterial and the appearance
of sputtered metal ions in the beam. Such souraes h simple, robust design
and are highly reliable, making them attractive technologies non-critical to
gas pressure and metal ion impurities. Gaseousaarces using a low pressure
arc with cathode spots are more efficient in enéegys [20, 21].

An interesting direction in the development of hgirrent ion sources is
the use of two-stage discharges. The first stage @ a plasma cathode and
supplies electrons to the second stage, providiogditions for efficient
ionization of the gas and formation of uniform phas Along with the well-
known duoPlGatron [22], whose first stage employHaament type cathode,
these sources include the aforementioned cathamteasp sources. Sources with
RF and microwave discharges in the first stage hmeen developed [23, 24],
and an ion source with injection of electrons te second stage from a hollow
cathode glow discharge [25] has also been used.

Most of these sources employ a multicusp magnetid in the anode
chamber of the second stage, and they are caphldagterm operation with
reactive gases. In the following we consider thaqgples of operation, design
features, and characteristics of the most commpastyf high current gaseous
ion sources.

3.2.1. Filament Driven lon Sources

In a duoplasmatron ion source [5] the dischargeeotipath to the anode
is through a small diameter hole (several mm) inirdarmediate electrode,
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ahead of which a double electrostatic space-chiayggr is formed where the
electrons are accelerated to an energy of sevenal of electron volts. The
discharge column is further constricted in the degbween the intermediate
electrode and anode by a strong inhomogeneous made& where a second
potential jump occurs. lonization of the gas by ensk flow of energetic
electrons confined by the strong magnetic fielddée#o generation of dense
plasma and formation of a negative anode drop item@al (~10V), which
prevents ions from leaving the anode. As a resulhtense ion stream arises in
the plasma in the direction of the outlet aperiaréhe anode, which is usually
several millimeters in diameter. The feed gas pmess the duoplasmatron is
typically (1-2) x 10° Torr, the gas efficiency approaches 100%, and the gnerg
efficiency is usually> TAKW™.

The use of an expansion cup to reduce the plasmsitgend expand the
surface area of the plasma not only increasesdamlzurrent but also decreases
the beam emittance due to adiabatic expansioneopldisma, and decreases the
level of the discharge current oscillations [26]udplasmatron ion sources
operating at a DC discharge current of 30 toA58nd providing 1 A beams of
hydrogen ions have been developed by Morgan af2@]. The electrodes,
including the intermediate electrode, of such sesirare made of copper to
facilitate heat removal. A magnetic field coil waliaround the anode expansion
cup decreases the plasma loss and optimizes camglifor ion extraction and
formation of the ion beam.

Demirkhanov [28] installed a ferromagnetic anticatb electrode to
ensure oscillation of electrons in the anode regibmhe duoplasmatron. The
anticathode was located behind a copper anode ahé Ipotential close to the
cathode potential.

Electrons oscillating in the magnetic field (15G) efficiently ionize the
gas at a low pressure of ~5 x 1@orr. When the anticathode negative bias
relative to the anode was increased from 0 to\,,(@e ion current increased by
a factor of five. Decreasing the gas pressure fam 0.5 x 10° Torr increased
the extracted ion current by 1.5 times. The soustech had an outlet aperture
6 mm in diameter and an expansion cupntfiin diameter, provided a pulsed
hydrogen ion current of up to 1/at a discharge current of 20

This ion source concept, based on the use of & lecgle Penning-type
electrode system (PIG) to maintain a high curreisclthrge by electrons
supplied through a double electric layer from aspla cathode, has been
embodied most completely in the DuoPIlGatron typesource [29]. Figure 3.1
shows the design of a source of this kind used Imgh-current, high-voltage,
oxygen ion implanter [30].
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Figure 3.1. DuoPIGatron:
1 — filament power supply (65 V, 60 A); 2 — coilvper supply (75 V, 1.5 A); 3 — discharge
power supply (250 V, 20 A); 4 — accelerating pospply (50 kV, 0.5 A); 5 — electron
suppressor power supply (2.5 kV, 20 mA); Gl — gdstj MC — magnetic field coil;
IE — intermediate electrode; CF — cathode filamadit- anode 1; A2 — anode 2;
EG — extraction grid

The magnetic field diverges toward the ion opt@ssuring oscillation of
primary electrons between the intermediate ancesaetectrodes and formation of
a large, uniform plasma surface. To increase tlieoda lifetime, an inert gas
(argon) is fed into the cathode stage and oxygertie anode stage of the source.
An ion optics system with 13 holes of diameter 5 provided an ion beam current
up to 170mAat an accelerating voltage of up tok30 After mass separation of the
beam and acceleration of ions to energy of &0 a beam of Oions with current
100mAwas obtained. The filament cathode lifetime isr@&kehours.

The periplasmatron-type ion source [31] has a unigiectrode system
design, which decreases heating of the screerr@diecby thermal radiation of
the cathode, reduces the effect of secondary etedback flow from the
accelerating gap, and ensures a high uniformitplama flow to the screen
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grid. A rectangular variant of this source providetdydrogen ion current of 96
A from an extractor 40 x 1@nin size.

Another direction in the development of high-cutrémot-filament ion
sources is the advent of single-stage, large-volptasma generators. A
magnetic-field-free source for use in neutral beaj@ctors has been developed
in which the plasma is generated by a diffuse loaspure high-current
discharge, with a distributed thermionically emiiti cathode [32]. Twenty
hairpin filaments, 0.5 mm in diameter, are instald@ound the periphery of the
discharge chamber, 14 cm in diameter, near thadmytal wall, which serves as
the anode. The peripheral placement of the catimpdeides generation of
uniform (-6%), oscillation-free plasma of X&n diameter. For a discharge
current of 1000 the deuterium ion beam current density is 0.6 and the
beam current 18 at an extraction voltage of k¥.

The principle of magnetic confinement of primaryeatons and
extraction of ions along magnetic lines using atiraperture extractor system
was first demonstrated in the Kaufman source [ERjure 3.2 shows this source
with an axial magnetic field, where the cathodemisunted on-axis and the
cylindrical anode is located at the periphery & thamber. The magnetic field
strength, which is several tens of gauss on avem@eeases in the extractor
direction. The screen electrode is at floating athode potential. The main
drawback of these systems is the radial non-unitgrrof the plasma (the
average-to-peak current density ratio is 0.4—F6y}. this reason, these sources
use a multi-aperture extractor of diameterch®or smaller or a single-aperture.
When argon is used as a feed gas, the dischargésI@90 to 80@V ion™; the
working gas pressure is about 5 x“IDorr.
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Figure 3.2. Axial field Kaufman ion source with tvgoid extraction optics [13]
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A considerable reduction in the ion energy cost mmgrovement of the
mass utilization efficiency, essential for spaceppitsion ion thrusters, was first
accomplished in Moore’s source with a magneto-sdstatic containment
discharge chamber [16] where a particular arrayp@&imanent magnets and
multiple strip anodes was used. The anode eledragee located in the region
of strong transverse magnetic field between thenatg poles of the multicusp
structure. The decrease in the effective surfaea af the anode creates a
positive anode drop in potential, preventing flofvions to the anode. An
additional anode immersed in the plasma is requierdstable discharge
operation. Later [17] the use of a multicusp magnetld was proposed for the
formation of dense uniform plasma in large-scakteys. However, at high gas
pressure, which is necessary for generation of-tagtsity plasma, negative
plasma potential relative to the anode could notob&ined throughout the
entire volume of the discharge chamber. Moreover discharge efficiency was
impaired at high gas pressure [33].

The cathode filaments in electrode systems thatuselticusp magnetic
field are located in the magnetic-field-free regicend primary electrons
oscillating in the plasma can move to the anodg aldng magnetic field lines.
The electron loss area is small, and is deterninyetthe total length of the poles
and the effective thickness of the magnetic slithjch are about twice the
primary electron gyroradius [34]. Low energy plaseiactrons and ions are
confined in the plasma by the combined action ef tagnetic field and the
self-consistent electric field.

A single ring-cusp magnetic field produced by pemsrd magnets was
used in the ion source of a neutron generator (EBiga13) [35]. All the
components of the cylindrical discharge chambecepi the cathode and the
anode, are at floating potential. The shape andipoof the discharge system
electrodes and the parameters of the magnetic fireldhis source were
optimized carefully. As a result a deuterium iormtmewith current up to 0.2
and ion energy of 20ReVwas formed at a discharge current of 10 A andna lo
gas pressure of 0.25 Pa using a 1.3 cm singletapedn extractor,

An example of a technological ion source of thigetys the CHORDIS
(cold or hot reflex discharge ion source) [36]which the end-plate electrodes
of the discharge chamber are at cathode potentdltize cylindrical anode is
lined with 18 permanent magnets producing a mudpctield. A filament
cathode (for the cold version) or a vapor generétor the hot version) is
installed opposite to the screen electrode of dimeoptics. The cold version of
the source has a single-aperture ion extractiotesysvith hole area of 2nf
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and provides a 7tnAbeam of xenon ions at an extraction voltage ok8@&nd
a discharge power of 118\
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Figure 3.3. Single ring-cusp ion source [35]. Dasles show the shape of the magnetic
field: 1 — vacuum chamber; 2 — heat shield; 3 —me&gng; 4 — gas inlet; 5 — cathode
filaments; 6 — reflector; 7 — anode ring; 8 — apextplate

High gas efficiency (up to 90%) and low energy I(B8W A™) have been
achieved in a laboratory model of an inert gasstenu[37] in which a ring-cusp
magnetic field is produced by three rows of sanmaricobalt permanent
magnets mounted on the cylindrical wall of the désge chamber 26m in
diameter. A thermionic hollow cathode was placedtmaxis of the chamber,
while all elements of the discharge chamber, extepicathode and the screen
electrode of the ion optics, were at anode poterfiar a xenon pressure of
1.3—-13 x 10’ Padense highly ionized>(0%) plasma is generated in the chamber.
A beam of xenon ions with current up téAGs formed with a multi-aperture ion
optics system. About 95% of the beam is containédudma 14° half-angle.

High-current ion sources with a large number of n&ig cusps have
been termed “bucket-type” ion sources. The disahalmmber of these sources,
which is at anode potential, is almost fully linedth permanent magnets.
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Cathodes may be installed either on the back pdpigosite to the screen
electrode or the side walls of the chamber. Theadce between rows of
opposite polarity magnets determines the size efrédgion in which the field
drops by a factor of e ~ 2.7. The design of a s®o(B8] developed for neutral
beam injectors is shown in Figure 3.4. The cubsclarge chamber with wall
24 cm long was held at anode potential, while the scrged could be at
floating or cathode potential. Rows of samarium-atblpermanent magnets
were placed every dm on the chamber walls. The magnetic field at thiepo
was up to &G. Eight tungsten filaments maintained a dischargeeat as high
as 600A at a gas pressure {of 5 x 10° Torr. The ion current density at the
extraction grid reached 0.4 &,

The plasma non-uniformity did not exceed 4% ovdiOax 10cnt area.
The discharge efficiency was 1.63—-1A8W™.

Figure 3.4. Cross-section of multicusp ion souB&]:[1 — cathode filament; 2 — SmCo
magnets; 3 — cooling tube; 4 — pulsed gas valveirsulator; 6 — extraction grid;
F — filament power supply (8 V, 1 kA); D — dischangower supply (80 V, 700 A)

Forrester [39] obtained higher discharge efficiemtythe IBIS (intense
boundary ion source) having a round chamberc25n diameter and 4@m
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long. A specific feature of this source was the oGearrow iron anode strips
mounted at magnetic poles, which increased the feD.32T, and a lanthanum
hexaboride hollow cathode located on the conicdlfene of the chamber. The
plasma density uniformity is about 4&ver an 18cm diameter. The current
density of hydrogen ions was 0.83cmi” at a discharge current of 320and a
neutral gas pressure of 5xi0Torr. The overall power cost, which was
estimated assuming a 30% extractor grid transpgyeveas less than 0leN per
extracted ampere of ion current. This high effickenvas probably due to the
decreased ion loss area.

A source with a 24 x 52nt rectangular chamber 3fnlong, developed
for neutral beam injector application, provided yardogen or deuterium ion
current density as great as ®4m? at the 10 x 4@nt extractor grid, with a
non-uniformity less than 5% [40]. The magnetic dielas created by SmCo
magnets arranged in 36 longitudinal rows. Thirtyurfdungsten filaments
provided a discharge current up tokA in a pulse 30s long. The energy
efficiency of the source was 0.6 V™' at a beam current of 48 and an
accelerating voltage of 8. The gas consumption was 10 to 15 kgl s™.

A similar energy efficiency of 0.68 kW™ was obtained in a source [41]
with a rectangular chamber 25 x d0f in size and 34m long at a hydrogen
ion current density of 0.2B cm? at the 12 x 2&nt extractor grid with 35%
transparency.

Continuous linear cusps were normal to the bears. &ix tungsten
cathode filaments were mounted on the side walthef source. When the
magnetic field at the pole surface was reduced f2ofrto 0.6kG the ion source
energy efficiency decreased to 08&W™.

To evaluate the suitability of this source for ionplantation and ion
beam sputtering technologies, operation of the c{#2] with different feed
gases was studied. lon beams of helium, nitrogef),(Nxygen (@), neon,
argon, krypton and xenon were produced at cur@n®s.5, 10.7, 6.2, 6.6, 6.2,
5.0 and 4.7A, respectively, for an accelerating voltage of 8%0kV, with an
extractor grid with 1020 apertures each of diame&temm. The discharge
efficiency varied between 0.5 and\kW™ at a gas pressure of@Torr, except
for oxygen (0.25A kW™ at 9mTorr).

A 38 cmion source for large-capacity broad-beam etchimdy deposition
applications generated an argon ion beam havingrard of 4-5A at energy of
about 1keV[43]. The cylindrical and end-plate parts of thectharge chamber
held permanent magnets producing a multicusp magrietid. Four hot
filaments were installed on the end plate of thanaber. The required gas flow
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rate was about 1gccmof argon per ampere of ion beam. To obtain a bggm
current at low accelerating voltage it was necgs$ar the extractor grids to
have a large diameter-to-gap ratio. The elevateghéeature at the center of the
thin grids causes them to become dish-shaped.opotke grids from touching
each other, the maximum diameter-to-gap ratio viasia50. The use of “pre-
dished” molybdenum grids instead of flat ones aidva decrease in the dishing
depth to about 0.1%. As a result, a diameter-toigaip of nearly 400 was
realized in a 3&mion source made for uniform (5%6%) etching of large area
substrates. A 58m diameter ion source for ion beam etching and daposs
described in Ref. [44]. The source with filamenteéycathodes was developed to
generate beams of argon ions with energy 300-&@@&nd current 1-5A.
Operation at higher current levels was possibleh witgh-emissivity hollow
cathodes.

3.2.2. High-Frequency lon Sources

High-current RF broad beam ion sources were figsetbped as thrusters
for space propulsion in the 1960s [45]. They hasenbcommercially exploited
for a number of industrial applications since t®&0s and used in neutral beam
injectors since the 1990s. Two types of inductivebppled RF structures are
most common. In one type, the induction coil iscpthoutside a glass or quartz
cylindrical tube in which the plasma is generatfHae other type has a metallic
discharge chamber with an RF antenna inside thehalige plasma. According
to Ref. [46], the drawbacks of ion sources witheexal antenna include
difficulties in producing uniform plasma in largelume and rectangular shaped
chambers, thermal limitations for high power RFcarge, and deposition of
conducting films on the tube walls. However therbgmmrameters for these two
types of ion sources differ insignificantly and Rd source performance is
close to that of filament driven ion sources.

The RIM-350 ion source [47], shown in Figure 3.5péoys a helical,
water-cooled RF coil mounted around a quartz digghavessel 35cm in
diameter. The quartz diffuser distributes injeajed around the periphery of the
discharge chamber and thus improves the plasmarmmify. Due to the design
of the RF coil and the RF skin-effect, high tempema electrons are distributed
near the outer periphery of the discharge. Consghyuthe usual decrease in
plasma density near the walls is compensated fadihg to a uniform
distribution of current density. The ion source pes at a frequency of
1.8 MHz, which is in the optimal range for the source si&th an input RF
power of about XW and gas pressure of abouinTorr, the plasma is of density
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5 x 10" cm®, corresponding to an argon ion saturation curdensity of nearly
9 mA cm>.

The source generates beams of gas ion$, A€, Kr', Xe', O,", etc.) at
an ion energy in the range 50-100and beam current 0.15-1A5The source
is intended for various etching and deposition i@gfibns. Etch uniformity is
better than 3% on targets up to 266in diameter.

0000 ——

Figure 3.5. Schematic of the RIM-350 radio frequeion source with external coil [47]:
RF — RF power supply; MB — match box; 1 — gas jritet discharge vessel; 3 — diffuser;
4 — RF caoil; 5 — three-grid extraction optics

A large area RF source with external antenna [48jtbped for fusion
experiments used a nearly rectangular chamberowigiitz walls 32 x 6&nt in
size and 1¢mlong. The chamber mounted a 6 turn antenna oaoutside and a
water cooled Faraday shield on the inside. To imprhe plasma confinement,
the back-plate was covered with rows of samariurbaltgpermanent magnets.
The working RF frequency was adjustable betweeb ard 0.95VIHz, and the
ion extraction sys-tem measured 51 xcB8,

At 120kW RF power the source produced beams of hydrogenab@0A
and 55kV, and deuterium ions at /5and 60kV.

A 25 cmdiameter ion source with internal antenna [4&palesigned for
neutral beam injection (Figure 3.6), had permameagnets on the cylindrical
wall and on the back plate of the aluminum chamibbee magnets produced an
azimuthally symmetric multicusp field with magnefield intensity at the poles
of 1.5kG. The diameter of the three-turn antenna of insdlabpper tubing was
10-15 cm. The high frequency generator Alz) was rated at 3@W, while
the power transfer to the plasma was 90%. The BR&nm was triggered by a 50
mA, 45V auxiliary discharge between the cathode and tlaenbler walls. The
deuterium ion current density was 0.25%# > at an RF power of 2BW, while
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the plasma non-uniformity was 5% over a diametet®Em The high density
and good homogeneity of the RF-generated plasm#oléte development of a
large RF ion source for operation with an ion estiom system of size
10 x 40cnf. An RF discharge in a chamber measuring 23 x 83 ent with a
multicusp magnetic system at the side-walls antht@mnal antenna shaped as a
single rectangular turn 13.5 x 487, provided an ion current density of 0.15 A
cm? and 0.18 Acmi? for deuterium and hydrogen ions, respectivelya ajas
pressure of 4nmHg and an RF power of 28N, The non-uniformity of the ion
current density was + 7% over the extraction greha
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Figure 3.6. RF ion source with internal coil:
1 — pole pieces of soft steel; 2 — igniter; 3 —igéet; 4 — antenna feedthrough;
5 — copper end-plate with diagnostic probes; 6 gmatc soft-steel shield

The size of the antenna coil exceeded the sizeeoioin extraction system
to avoid damage of the antenna by backstreamiragretes from the accelerator
gap. For the same reason, the permanent magnedsrevaoved from the back-
plate of the discharge chamber, since the stromgneta fields can reflect the
electron backflow toward the antenna.

A rectangular ion source [49] with a 247 cubic copper chamber, in
which Sm—-Co permanent magnets produced a magnett With axially
symmetric line cusps, and a two-turn rectanguléerama measuring 15 x &t
was tested for voltage up to BYU. The hydrogen ion current density was as high
as 0.15A cm®.

The energy efficiency (0.8 kW?) and the angular divergence of the
beam (0.7° x 1.1°) generated by a multi-slit iotrastor proved to be no worse
than for a hot-filament ion source with the samelet chamber.
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Another method for formation of large-area unifgsgtasmas by means of
RF discharges is by using a number of small geoeratonnected to a large
volume expansion chamber, as proposed in Ref. [B3¢ experiments were
carried out using a single plasma generator (Figu7@. Dense plasma was
produced in a quartz tube 3.2 cm diameter and 30oom equipped with an
external 15cm long helical antenna and a magnetic field coikestablish an
axial magnetic field of up to 50G. The RF radiation frequency was l4Hz
and the input RF power waskW.
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Figure 3.7. Schematic of RF plasma generator witBxg@ansion chamber [23]:
1 — permanent magnets; 2 — end plate; 3 — ringegshagamarium—cobalt magnet;
4,5 — magnetic coils; 6 — gas inlet; 7 — RF antenna

The 26 x 26 x 2&nT expansion chamber was surrounded by 28 poles of
magnetic cusp lines. The hydrogen ion current derfdom the plasma in the
tube was greater than 8A cm? for a gas pressure of P0Torr and magnetic
field strength of 3005. The ion current density from the expansion chambe
plasma increased with increasing magnetic field tiemneck of the quartz tube
up to values sufficient for formation of a magneticror retaining the plasma in
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the tube. The maximum current density obtained pteasure of 9 x I®Torr
exhibited a linear dependence on the RF power aaslegual to 2.81A cm?
perkW. The nonuniformity of ion current density distrilmn was —5% over the
plasma region of about Ight in size. The plasma density and uniformity may
be improved if one uses more RF generators, bsicthmplicates the design and
operation of the device. Moreover, the energy ificy of this plasma
generating system is 3—4 times lower than the gnefficiency of a filament-
type source with a similar chamber.

Off-resonance microwave sources [50] also provigba-deurrent beams of
singly charged ions. The discharge chamber in S@kusburce was made as
part of a coaxial wave guide separated by a vacigim-ceramic window.
Microwave radiation (2.4%H2) was fed into the chamber using a rod antenna,
which served as the internal conductor of the aattansmission line. An
inhomogeneous magnetic field with mirror ratio ab8uwas produced in the
discharge chamber. When the magnetic field intgngits changed over a range
always satisfying the ECR condition, the absorbedvgr increased with
increasing magnetic field, but an ECR-resonancemt#gnce was not observed at
an argon pressure of 8x%0Torr. Microwave energy transfer efficiency at
maximum magnetic field of G was over 90% and the plasma density was 10 to
100 times greater than for ECR discharges. Ar@diameter multi-aperture ion
extractor was used to generate beams of argonn(2pchydrogen (406nA), and
oxygen (110mA) ions with energy %&eVfor a microwave power of 600/ This
corresponds to an energy efficiency of ~0A6kW™ for the case of hydrogen ions.

An ion source in which the magnetic field satisftte ECR condition
near the plasma boundary so as to increase thactedrion current density is
described in Ref. [51]. The working frequency wadbZsHz A specific feature
of the source was that radiation was coupled ih#oglasma through a three-
layer window. A quartz disk ensured vacuum tighsnetthe joint, a ceramic
disk decreased microwave reflection, and a silindride disk protected the
window from the back-flux of energetic electronsnrthe accelerating gap. The
ion beam was formed by a three-electrode ion-olpsigstem with 3.5nmholes
having a total area of 1@nf. For microwave power of up to KW, beams of
oxygen, nitrogen and hydrogen ions with currentaig5 mA were generated at
an accelerating voltage of up to k0. After 700h of source operation, craters
up to 0.5mmdeep were formed on the tinthick silicon nitride disk.

A bucket-type ion source using microwave plasmalpced under ECR
conditions as a plasma cathode instead of a filacethode has been described
in Ref. [24]. The ion source (Figure 3.8) employadmicrowave plasma
generating chamber and an arc plasma generatingbetal80mm long and
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200 mm across, surrounded by permanent magnets formingpudicusp
magnetic field near the chamber wall. Electrons ewextracted from the
microwave plasma through a mesh grid at the sidesf/éthe electron-extracting
electrode. When a potential difference of 30 toV7@&as applied between the
mesh grid and the chamber walls, a plasma was tbhim#the second stage. The
plasma discharge current increased with increasiegtral gas pressure
(0.13-0.013Pa) and applied voltage, and reached ~&.5A two-grid 100 mm
diameter ion extraction system withrdm diameter beamlet holes provided a
pulsed (10mg 60 mA beam of argon ions. Another type of microwave pias
cathode was described in Ref. [52], where electma® extracted from dense
microwave-produced plasma through three holes afndter several mm that
were equally spaced one from another on a circlm@n diameter. The main
discharge chamber of diameter 28éhwas surrounded by 12 columns of SmCo
magnets forming a line-cusp magnetic field confagion. A 115mm diameter
ion extractor formed high-current low-energykd\V) ion beams of 23@A for
argon and 132nAfor oxygen with excellent beam uniformity.

Microwave

Figure 3.8. Bucket type ion source using a micreavalasma cathode:
1 — window; 2 — microwave plasma generation chanterpermanent magnet;
4 — insulator; 5 — arc plasma generation chambergés inlet;
7 — electron extraction electrode; 8 — ion extractlectrodes
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3.2.3. Cold Cathode lon Sources

The glow discharge can operate in a quasi-steadg-stode at a voltage
of several hundred volts and current density acttbode of up to a few tens of
A cmi? [53], and it is possible to use this dischargdigh current ion sources.
A high-current low-pressure glow discharge can dxenéd in hollow-cathode
systems and in systems with a magnetic field teigeboth radial confinement
and axial oscillation (“reflexing”) of ionizing pmary electrons. However, large-
area uniform plasmas can only be produced in wea$fnetic fields. Thus the
usual plasma configurations need to be modifiedefisure energy efficiency of
the ion source, one needs to increase the ionrtuerdracted from the plasma
relative to the ion current to the cathode of tlevgdischarge. But since the ion
current to the cathode determines its electron 2ams effective extraction of
ions changes the plasma parameters and the comdifar stable plasma
operation. Some features of ion extraction and dhmam formation with glow
discharge plasmas are due to the effect of thedatkheath, whose thickness is
comparable with the size of the ion optics apegure

3.2.3.1 Basic Physics of Low Pressure Glow Dischas

For typical ranges of gas pressure p and magnetiid B used in ion
sources, the voltage jlUapplied across the discharge gap is localizedhat t
cathode sheath and determines the energy of idesaating with the cathode
surface and of primary electrons supplied to tresmla. For el< 1 keVthe
ratio between the electron and ion currents atdihode usually does not
exceed ¢ ~ 0.1. A primary electron produces a nunabeions, N~eld/w,
provided that the full path of the electron befdrgoes to the anode, L, is
sufficient for complete energy relaxation of theatton, i.e. the relationship
L/Ai > eUy/w is fulfilled. Here w is the energy cost of amim the plasma and ki
iIs the ionization mean free path of an electroneré&fore, for self-sustained
operation of the glow discharge plasmd@y = 1, the gas pressure, which
determines the oscillating electron path lengteHquld be high enough, and the
energy required to emit an electron,g8lJis an order of magnitude larger than
the energy introduced by the electron into themas

According to Ref. [54], the minimum neutral gasgs@e required for a
hollow cathode glow discharge is determined by rtie® between the area of
the outlet aperture of the cathode and the areéheofathode surfacq,= S/S..
For g ~10=10° the gas pressure may be reduced to>~P@& However, a
decrease in the anode size impedes the effluxvokloergy plasma electrons to
the anode in high current discharges, and cons#gube discharge operating
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voltage rises and the gas pressure must be increfideen §S < (m/M)?

(m and M being the electron and ion masses resedgli a space-charge
double layer is formed at the outlet aperture eftibllow cathode. If the anode
Is placed in the cathode cavity, a positive anade th potential occurs.

The magnetic field that is used to confine the pryrelectrons also slows
down the diffusion of plasma electrons to the anddea result the spatial non-
uniformity of the plasma may increase and the péastructure may even
change. In an electrode system of the inverse ntagnéype, formed by a
cylindrical hollow cathode and a rod anode on tRes,ancreasing magnetic
field leads to formation of a positive anode she&ibr low gas pressure and
high discharge current, the voltage drop at theatshenay be up to several
hundred volts. In a PIG electrode system with @andyical anode and plane end-
cathodes, increasing magnetic field causes ro@tiostability of the plasma.

lon bombardment leads to sputtering of the cathodterial, which may
consume [55] up to 10% of the energy acquired Iog iim the cathode sheath,
while most of the ion energy (70-90%) is releasecheat. Argon ions with
energy between 400 and 8@V, as is typical for glow discharges, sputter
0.5—-1atoms iof' from an Fe cathode [56].

3.2.3.2 Glow-Discharge-Based Plasma Emission System

The energy efficiency of a glow discharge ion seuix defined as the
ratio I/(IqUg) or as a/ly, where a =ylq is the efficiency of ion extraction from
the discharge plasma (approximately equal to the od extracted ions to the
total number of ions in the plasma)y I3 the discharge operating voltaggijsl
the extracted ion beam current, apdsIthe discharge current. If the ion current is
distributed uniformly over the cathode surface,ay e estimated approximately
as the ratio between the surface areas of the plasnitter and the cathode, a ~
S/S.. However, if S decreases and &mains unchanged, the discharge operating
voltage and the gas pressure need to be raistek Hrimary electrons expend all
their energy in the plasma, then the dischargeatipgrvoltage Y~ 1/(1-a) [57].
Therefore, the a dependence of the energy effigzieades as a/(1-a), and the
maximum of this function is a = 0.5. However thghhpgas pressure necessary to
maintain the discharge at high a values limits ithe extraction and energy
efficiency values of high-voltage ion sources.

Uniform plasma is generated in the hollow cathodschthrge due to
multiple reflections of primary electrons by thahmade sheath and collisions in
the plasma, leading to an isotropic spatial digtrdn of electron velocities.
Conversely, the use of a magnetic field in themka$or confinement of primary
electrons leads to plasma anisotropy. In an invems&gnetron plasma
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configuration the anode is in the form of a thidl @ the axis of a cylindrical
cathode, parallel to an applied magnetic field.5Seal electric E and magnetic B
fields facilitate plasma initiation, and the lowirpary electron loss rate ensures
a high current discharge mode at low pressure.dyimlectrons emitted by the
cylindrical part of the cathode drift azimuthallfthe amplitude of radial
oscillations of drifting electrons, which is detened by their Larmor radius =
(1/B)(2mUye)*?, influences the radial profiles of the plasma dgnsnd
electron temperature. Thus it is possible to caéritre radial distribution of the
ion current densityi(r) extracted from the plasma along the magnegic fj58].
As the magnetic field increases, the distributign with maximum current
density on the axis transforms to a distributiothvé minimum on the axis. The
ion current density distribution is approximatelyniform when p is
approximately equal to the hollow cathode radius.

The Penning electrode system (PIG) is difficulus® in broad ion beam
sources because of the substantial radial nonumifprof the plasma. The
plasma nonuniformity may be decreased if the cyiocadl electrode system is
fitted with a multi-component cathode. The potdntidference between the
ring-shaped cathode elements and the anode desrteas®rds the system axis.
As the energy of the primary electrons drops, tire generation rate near the
axis decreases, and consequently the plasma beagooresuniform. The ion
extraction efficiency in this modified PIG systesia ~ 30% because of the
increased @S ratio. The power required to maintain a glow deége plasma
may be reduced if conditions are provided for vadumultiplication of ionizing
electrons. Generation of primary electrons withrgneel as a result of ion
bombardment of the cathode and acceleration ofrelesin the cathode sheath
requires an energy @ld, where c is the ratio between the electron amd i
currents at the cathode, while creation of an mdacin the volume requires an
average energy equal to the ion castThe ionizing capacity of the latter
electron depends on the electric potential where ¢hectron is formed.
However, the rate of generation of secondary etierg&ectrons by ionization
of the gas by oscillating primary electrons in ta¢hode sheath of high-current
discharges in large gaps is low because of thepmbability of this process,
which is determined by the ratio between the shémthness and the size of the
plasma column [59]. Two-stage electrode systemsnaree efficient; the low
energy plasma electrons acquire additional enangghe space-charge double
layer or are injected to the second stage througaréficially supported space
charge layer with adjustable potential drop. Eleadr systems of each stage are
optimized to facilitate triggering and operationtloé discharge and increase the
ion current and improve plasma uniformity.
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In the duoPIGatron type ion source with cold cath@digure 3.9) [60],
ions are extracted from the plasma in the anodemegf the discharge, which
represents a PIG electrode system in a weak magfielil (~10° T). The
cathode stage with gas feed also has a smallesy®m in a stronger (10T)
magnetic field. An auxiliary discharge is excited the cathode stage at
relatively low voltage and produces plasma withsiigrsufficient to disrupt the
cathode sheath in the hole between the chambeespliima, which penetrates
to the anode region, provides conditions for ititiga the main discharge. A
double layer that accelerates electrons is formedr rihe hole. Such two-
chamber systems with gas-discharge-based triggegyatems were developed
first for arc plasma electron sources [61] in whadntribution of the plasma
electrons to the electron beam current was insggmf and, therefore, a
magnetic field was not used in the second stage.nfdin drawback of this kind
of ion source is radial nonuniformity of the plasmdoich can be eliminated by
using a multicusp magnetic field near the anod®reg
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Figure 3.9. Electrode system of DuoPIGatron typesiource with cold cathode:
1 — hollow cathode; 2 — auxiliary anode; 3 — rilngy3ed samarium—cobalt magnet;
4,5 — end plates; 6 — anode; 7 — screen electBdanagnetic coil; Ul — auxiliary power
supply; U2 — main power supply.

In another type of two-stage system, for exampte Ref. [62], ions are
extracted from the plasma generated in the catreglen, which communicates
through one or several small diameter holes toalsanode chamber where the
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gas feed is located (Figure 3.10). A double elstatec layer with potential
drop ~50V that separates the cathode and anode plasmassppeahe cathode
side of the holes.

The cathode plasma is produced by primary electitoaisare accelerated
in the cathode sheath and dissipate their energyteyactions with neutrals.
Low energy electrons are accelerated and focusdatidoglouble layer onto the
holes, where dense anode plasma is formed dugloglais density and electron
flow. Plasma formation is via a beam—plasma intevac lons from the anode
plasma are accelerated in the double layer, crassdthode chamber, and are
extracted through the screen grid holes. To fatdidischarge initiation, a PIG
structure is located in the cathode region, forolwlpurpose an auxiliary anode
is installed and a magnetic field applied. The aoted ion current is distributed
more uniformly for configurations with a magnetiel@l produced by several
rows of permanent magnets fitted on the cathodp [63
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Figure 3.10. Electrode system of a technologicalsource:
1 — hollow anode; 2 — auxiliary anode; 3, 4 — maigimles; 5 — perforated cathode disk;
6 — screen grid; 7 — magnetic core; 8 — magnetilc @e- accelerating grid

A very low gas pressure (~3 x E0rorr) was achieved in a two-stage
electrode system with injection of electrons fromhallow-cathode glow-
discharge plasma [25].

Electrons are injected through a fine mesh grigasgmg the cathode and
anode regions into a chamber in which a thin-wirede whose potential
relative to the chamber walls can be adjusted iedéently is located. The fine
grid separates the cathode and anode plasmas aackerfiormation of a space-
charge layer with adjustable potential drop. Higimgparency of the grid allows
extraction of up to 90% of electrons from the fatige plasma.
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Oscillation of fast electrons in the chamber hogdime thin-wire anode
provides efficient ionization of the gas. The a#ficy of ion extraction from
anode plasma in this system is determined by the lbatween the surface area
of the plasma emitter and the second stage chamaks. To increase the a
value a magnetic bucket-type chamber can be usedhé second stage of
electrode system [64] (Figure 3.11).
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Figure 3.11. Electrode system of the bucket iom@with glow-discharge-based plasma
cathode: 1 — hollow cathode; 2 — igniting electrdle fine mesh grid; 4 — anode;
5 — screen grid; 6 — permanent magnets; PS1 —djksiharge power supply;
PS2 — plasma generator power supply

The power supply PS1 sustains a glow discharge d@sgtwhe hollow
cathode and a fine mesh grid placed opposite thgubaperture of the hollow
cathode and connected electrically to the scre&h ¢mcreasing the output
voltage of PS2 up to ~200—300results in switching the glow discharge current
(1 A) to the anode, while the screen grid current chaiig sign and increases to
values accounting for ~0.4 of the injected electoomrent. The ion current
density distribution is close to uniform over thagnetic-field-free region of the
plasma (8 cm). The rate of ion generation in theoise stage depends on the
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glow discharge current, the energy of injected tedes, and the gas pressure
(0.01-0.05Pa) which determines the ratio of the full path befgoing to the
anode, L, to the ionization mean-free-patlof injected electrons. A two-grid, 8
cmdiameter, ion extraction system produces and0beam of eV argon ions
when the current of the plasma cathode is20.2

The mass composition and charge state of the plasmsadepend on the
glow discharge current and operating voltage, &edsurface conditions of the
cathode. As the discharge current is increased) b density of ionizing
electrons and the flow of sputtered atoms increAsea result, the rate of metal
ion generation rises. The fractional content ofah®ins in the ion beam reaches
18% for pulsed mode operation in argon with a cdg¢hmade from Al when the
discharge current is 45[66]. However if the cathode temperature riseslése
to thermal diffusion threshold values for the gamres and the feed gas reacts
with the cathode material, then the content of metpurities in the ion beam
can be decreased to fractions of a percent duddolaw rate of selective
sputtering of metal atoms [58].

3.2.3.3 Extraction of lons and Broad Beam Formation

There is a substantial effect of the space-changath formed between
the plasma and the screen grid on the positiorshagde of the plasma boundary
and ion beam parameters; this is due to the sggmifi potential drop and large
thickness of the sheath, which is comparable viénhrole diameter. In this case
the location of the plasma boundary at the cenfteh® holes depends on the
field in the accelerating gap, while its positioman the hole sides is determined
by the sheath thickness. The effect of screen goigntial on the maximum
beam current density of low energy 1 ke\) argon ions extracted from glow
discharge plasma by a multiaperture three-electsyd¢em when the electric
field intensity in the beam extraction gap is clésdreakdown field intensity,
was studied in Ref. [66]. The dependence of iomrbearrent on the discharge
current for the ion optics with floating screendgwas linear up to a value of
saturation ion current from plasma ~h@ cm?, while when the screen grid was
at cathode potential, the rate of ion beam curientease decreased with
discharge current. A computer simulation has shitve for conditions when
the thickness of the cathode sheath is comparablihd radius of the ion
extractor apertures, and the intensity of the @&caghg field is insufficient to
move dense plasma away, a convex plasma bounddorned and the ion
losses to the screen electrode increase. At loatkres of plasma density and
field intensity the curvature of the plasma menssatithe extractor changes with
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increasing accelerating voltage, the ion currentht extractor grid decreases,
and the beam current rises. Consequently the itraaton efficiency a may

differ by 30-50% from the a value estimated frora thtio of the hole cross-
section to the cathode surface area.

The parameters of the sheath between the plasmathendjrid also
influence the angular divergence of the beam. Whendischarge voltage in a
Kaufman source increases by only \L8the ion beam divergence half-angle is
decreased from 12° to 9.5° [67]. The large sheatbkness in the glow
discharge causes a sizeable decrease in the beangehce; minimum beam
divergence corresponds to an optimal combinatiorthef accelerating field
strength and the voltage drop in the sheath [66]thé latter is adjusted
independently. In high voltage ion sources [68y(®xtraction voltage of some
tens ofkV and ion beam current density of 1-0\ cm?), increasing the
extraction gap and the hole diameter suppressestiina of the cathode sheath
and ensures both a high ion extraction efficienogl @an optimal angular
divergence of the ion beam. The latter, along with ion current density
distribution at the plasma boundary, influences ghafile of the beam current
density at the target.

3.2.3.4 Design and Performance of Cold Cathode Id®ources

The sources described here are used primarilyoforetching of surfaces,
surface modification of materials by ion implardgati and ion beam assisted thin-
film deposition. Since cold cathode sources do@gaire power input to maintain
cathode temperature, a repetitively-pulsed operaltionode in which the pulse
repetition rate or pulse length are adjusted cavige an efficient means for
controlling the average beam current, while thénmgdtconditions needed for beam
formation at the extractor remain unchanged. Thasenals processing can be
carried out over a wide range of sample temperatuiamplantation dose.

Figure 3.12 shows a general view of an ion sourdth & plasma
configuration of the inverse magnetron type [68)eTelectrode system of this
source consists of a stainless-steel cathodeniitn diameter and a tungsten
rod anode. A magnetic field coil surrounds the sewrasing. A broad ion beam
with circular cross-section is formed by a two-gextractor. The total area of
the 8—12mmdiameter beamlet holes is @07, and the pulsed beam current for
repetitively pulsed mode is 100-56¢A for an extraction gap aspect ratio (ratio
of hole diameter to grid separation) of 0.4-0.% 56—-100mA for DC operation
for an aspect ratio of 0.3-0.4. The acceleratingage was 30 to 4@V. The
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discharge operating voltage was 0.54/7at a current of 0.5-A, the feed gas
(Ar) flow rate 30sccm and the vacuum chamber gas pressure 0.03F&.05
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Figure 3.12. lon source with inverse-magnetron-tgieetrode system: 1 — cathode;
2 — anode; 3 — magnetic field coil; 4 — high votagsulator; 5 — screen grid; 6 — accelerating
grid; 7 — water cooling jackets; 8 — cable lead9r; gas inlet; 10 — insulator

The ion beam current accounts for 5-6% of the digghcurrent in pulsed
mode and up to 7-8% in the DC mode of beam geasrafihe ion extraction
efficiency was increased to 16—20% by replacingciti@drical hollow cathode by
a truncated cone with base plane at the extraghiwh The value (ratio of the
extracted ion current to the discharge currentyedses as the cone base angle
increases. The ion current density nonuniformityess than 10%ver an area
accounting for ~50% of the surface area of theotitend face for B ~2x 10T,
This source has been used for ion beam assistesitep of Ti—TiN multilayer
coatings to reduce the abrasive wear of bladeasrigbine engines.

Figure 3.13 shows the design of a source of lowgne-1ke\) oxygen
ions [63]. The source includes an M@ndiameter anode that is mounted on the
axis of a cold hollow cathode 230 mm in diameted &® mm long. The
extractor grid is fitted on the end face of thehode. The magnetic field in the
cathode chamber is produced by three circular rovSEm-Co permanent
magnets. Cathode and anode plasmas separatedolopla thyer with a voltage

50



drop of about 40/ are generated in this two-stage discharge. Thiag®ldrop
in the cathode sheath of the discharge is 200M3@®imary electrons that are
emitted by the cathode and accelerated in the datsbeath are confined by a
magnetic field and efficiently ionize the gas i ttathode chamber. Electrons
that are accelerated in the double layer lose gneéhgough collective
interactions in the anode region of the dischafde discharge current is 0.6—
1.2 A, and the gas flow rate 9 to 52cm The current in the extractor circuit
accounts for 40% of the discharge current anddghéeam current accounts for
13% of the discharge current. Nonuniformity of tteam current density over a
200 mm diameter is less than 5%. Tests for 408howed no change in the
electrode geometry by ion sputtering and the soliackreproducible parameters
throughout the tests. The fraction of impurity nhéas in the beam of sources
of this type usually does not exceed 2%.
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Figure 3.13. Schematic diagram of an oxygen iomcsou
1 — anode; 2 — cathode; 3 — extraction grid; 4rmp@ent magnets; 5 — insulator

An ion source with external injection of electrd8] is shown in Figure
3.14. The auxiliary discharge between a hollow ad¢h60mmin diameter and
80 mmlong and a fine wire mesh grid fitted in then@n outlet aperture is
initiated by dielectric flashover. Electrons ardragted through the grid and
maintain the primary non-self-sustained discharggvben a 1Zm diameter
aluminum cathode and a Or@m diameter tungsten rod anode. The injected
electron current and neutral gas pressure deteritieevoltage across the
primary gap necessary to sustain the required pyirdscharge current. For a
primary discharge with pulsed current of Rt an argon pressure of 9 x 10
Torr, the applied voltage may be decreased from 7@&DMV as the auxiliary
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discharge current increases from 1 toAL@\ 100cnt ion beam is formed using
a three-grid extractor system. Thenbhdiameter holes of the extractor electrode
are covered with a grid of 0.5 x Qv mesh size.

The beam current is up toRin pulsed mode and up to 20A in DC
mode for an extraction voltage of up to IB@ Although the fine grid expands
the working range of the beam parameters for figgtractor gap, the ion
extraction efficiency decreases nearly proportignad the grid transparency,
and a (ratio of the extracted ion current to thecldarge current) equals
~3.5-4%. The fraction of metal ions in the beaness than 0.15% for a voltage
across the main discharge gap of less thariv100

Figure 3.14 lon source based on non-self-sustajimd discharge with injection of electrons
[19]: 1 — thin wire anode; 2 — hollow cathode; 8re mesh grid; 4 — hollow cathode for
auxiliary discharge; 5 — screen grid; 6 — acceillegeind decelerating grids; 7 — high-voltage

insulator; 8 — discharge igniting system; 9 — fanférced air cooling.

Conclusion

Dense and stable plasmas having a uniform curremsity profile over
large-area emission surfaces, as necessary foragimeof high current beams
of positive gaseous ions, can be produced usiagéht-driven, high-frequency
and cold-cathode gas discharges. The excellenbnpesthce of available hot-
filament gaseous ion sources allows generationteddy-state gaseous ion
beams with unprecedented high values of beam duffée ability to generate
contaminant-free, intense beams of inert or rea@as ions has driven the rapid
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development of high-frequency discharge ion soyrag®mse beam parameters
are now not inferior to those of filament-driverusmes. Recent studies of the
features of low-pressure glow discharges have shthan it is possible to

substantially increase the ion beam current andetiexgy efficiency of these
sources, to decrease the metal ion content in ¢aenpand reduce the neutral
gas pressure. We may look forward to the wide @iskese kinds of ion sources
in materials processing technologies. They ardivelst simple to operate and
maintain, and highly reliable.
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4. Application of the nitrogen ion source

4.1. Introduction

Nowadays heavy-current implantation at high deesitof ion current
(~1-10 md/cn?) has received intensive development. Numerousarelses and
experiments on the physical aspects of ion-beaatntrent have shown that the
key parameters influencing distribution of ionsapé-formation processes and,
hence, level of physicomechanical properties ofases are density and energy
of ion beam, dose of alloying and temperature. The speoial is played by
temperature of a warming up of samples at implantatn case of using heavy-
current ion sources irradiation process leads torempable warming up of
surface and allows to reach temperatures providaffgctive diffusion
redistribution of the implanted atoms. Such proaddgemperature implantation
allows to combine advantages of traditional chethieonal processing and ion-
beam technologies. lon-beam treatment with nitragermodifying high-alloy
steels, such as austenitic corrosion-resistantiemsitic, ferritic and dispersion-
hardening steels is especially perspective. Besidamrectly choosing
parameters of ion-beam treatment make it possideoid formation on surface
continuous fragile nitride crust.

The method of nitrogen ion-beam treatment is basegrocessing of
materials with beams of the charged particles sbgen with energy ~f0eV
and the density of current ~1—-b®1/cn?. At an ionic irradiation at the expense
of a warming up of blankets of processed detaitscggses develop in them
radiation-enhanced diffusion that provides highesband depth of saturation of
materials with nitrogen ions at rather low tempems of processing (not
exceeding 770K). High concentration of nitrogen in surface layefsthe
irradiated materials, reached in the process oftieatment, leads to radical
transformations of their phase and structural deydi In particular, on the
surfaces of materials processed by concentrateshso@d the ions of nitrogen
formation of nanodimensional amorphous layers \®ated, and in subsurface
modified layers formation of new high-strength gsaand fields of compressing
pressure is registered. The specified structupdipse features of the ion-modified
surfaces give them high strength characteristids@sistance to weatr.

So in case of nitrogen ion-beam treatment of tled $teel (C — 0,4%,
Cr — 13%) level of hardness of its surface layeraases in 2-3 times, and
resistance to adhesive wear increases up to 18.time

Besides, the method of ion-beam treatment doedermaand grinding and
operational development operations, reduces surtaggness, does not change
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the geometrical sizes of details and does not cassential softening of

subsurface layers. In particular, hardness lev&mipered high-alloy tool steels
after the ion-beam treatment remains at level —FSOHThis fact supposes

repeated carrying out of ion-beam treatment ofpttoelucts made of such steels,
without intermediate operations of thermal progegsi One should admit an
important advantage of nitrogen ion-beam treatmélnis technology is carried

out on rather inexpensive, non-polluting equipnearicerns.

4.2. Experiments and tests

Presently the technology of ion-beam treatment ofkimng surfaces of
details is being mastered at the Laboratory of émairdy of the Department of
Technology & Equipment of Machine-building Industof Polotsk State
University. The optimum regimes and parameterseftechnology for various
marks of alloy steels are the main issue of theanes$.

For more detailed estimation of the technology wleaensider process of
ion-beam hardening of the cylindrical samples nfeal@a rolled sticks of industrial
steel (Cr—12%, W — 1%; Mo — 1%) (diameter -nif) height — é6nn).

The alloy steel (Cr — 12%, W — 1%; Mo — 1%) belotgshe tool semi-
heatproof steelsf high wear resistance. The preliminary processihtipe steel
(Cr — 12%, W — 1%; Mo — 1%) included heat harderahtemperature 1308
(using oil) and tempering at temperature 700 —8@0uring 1,5h).
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Figure 4.1. Schematic diagram of the nitrogen muree [69]:
1 — anode; 2 — cathode; 3 — cooling water; 4 — pagnt magnets
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Implantation of the samples of alloy steel (Cr %42V — 1%; Mo — 1%)
was spent on the modernized installation UVP-70ithiv 120 minutes at
energy of ions ¥eVand density of ion current@®4/cnt that provided fluence
of alloying ~3,010". Specially for the process realization has beereldped
the ion source, presented in figure 4.1. Tempesatdirthe samples during the
ion-beam treatment was controlled by means offteaniocouple attached to the
underside of the working surface of the sample, aaded in a range
620 — 770K. The beam contained ~70% of ions of the molecuitzogen and
~30% of ions of atomic nitrogen.

On the basis of the results of the spent expersragpendence of thickness
of the modified layer on density of the ion curr@ig. 4.2) has been obtained.

Layer thickness, um

1 2 3 4
Current density, #/cm’

Figbre 4.2 Dependence of thickness of the modified layer @msdty of the ion current

Hardness testing of the samples was spent usinghétieod of Vickers
with hardness measuring instrument at loading BOMicrohardness of the
modified layers was measured at loadings 0,19 g8l M. Time of loading
action on indenter at microhardness testing was, #dd the values mentioned
in the article were defined as averages of thelteesfi 10 measurements. The
results of measurements are presented in table 4.1.

Vickers hardness (HV) testing was carried out omplanted surface of
the samples. The obtained values characterizedyehaihardness of the steel
in the course of high-temperature influence atbeam implantation. By means
of measuremertly ;9 hardening degree of the implanted surface wamatsd.
As it is possible to see from table 2 data, at tm@jure 620 — 77& of ion-
beam treatment hardness of the steel goes dowtliea Reduction of hardness
of the steel at nitrogen ion-beam treatment cacdomected with coagulation of
carbides and relaxation of the martensite structure
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Table 4.1

Hardness HV and microhardnesg;kiof the alloy steel (Cr — 12%, W — 1%; Mo — 1%)
before and after ion-beam treatment § m4-cmi®) at various temperatures

Alloy steel (Cr —12%, W — 1%; Mo — 1%)
Process conditions
Initia Temperature of the ion-beam treatméit,
Measured parameter |
620 720 770
state
Microhardness of the surface H, 6100 9600- 14000- 10500-
MPa 10000 15000 11000
Vickers hardness (HV)yPa 5950/ 5800 5300 4900

The results of the measurements are presentedla4&.

Tribotechnical tests were spent on the laboratobomneter, equipped
with a specially developed device for measureménhe friction coefficient.

Table 4.2

Linear wear ratesland friction coefficient f of alloyed steel (Cr2R W-1%; Mo-1%)

after different regimes of treatment

Process conditions Wear ragedm Friction coefficient f
Heat hardening + Tempering 1,4740 0,8-0,9
Implantation with N at 620K 1,4910° 0,8-1,0
Implantation with N at 670K 0,80107 1,0-1,2
Implantation with N at 720K 0,21107 1,1-1,2
Implantation with N at 770K 0,10-10° 0,9-1,1

Conclusion

Thus, ion-beam treatment with' I8f the alloy steel (Cr — 12%, W — 1%;
Mo — 1%) at 620 — 778 with current density j = 24-cntf caused formation of
the nitrated layers by depth from 5 — 10 microh 30 — 35 micron with
microhardness from H 9500 — 10000/Pa to H, = 14000 — 16000/Pa. The
basic phases containing in surface layers at lawpégatures of processing
(620 — 670K) were carbide phases &k CrC;, nitrous martensite andFe;N.
At 720 — 770K nitride phases' — FaN and CrN formed in the surface layers.
lon-beam treatment of the steel (Cr — 12%, W — WW6;— 1%) at 720 — 77&
led to increase in wear resistance of its blanKetsthe mode of adhesive
interaction) from 7 to 15 times and in friction ffo@ent as well.
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LABORATORY WORK

TECHNOLOGY AND EQUIPMENT
OF ION-BEAM PROCESSING OF MATERIALS

1. PURPOSE AND PROCEDURE OF EXECUTION

The aim is to study the technology of ion-beam pssing of materials
and equipment used, as well as the study of thkieinfe of processing
conditions on the physico-mechanical propertiethefsurface layers of parts.

It is recommended to carry out the work in thedwling order:

1. Get acquainted with the types of reinforcingenats processing.

2. To study the process and equipment for ion be@atment.

3. Carry out training details, the sample surface.

4. To carry out the ion-beam processing of theamearfof the sample in
accordance with the pre-selected processing mode.

5. Carry out a quantitative assessment and congomadt microhardness
of treated and untreated surfaces of samples.

6. Fill in the study protocol and report for work.

2. TYPES OF MATERIALS HARDENING TREATMENT

The increase wear resistance of machine parts dulmé many
investigations and research in this area is ongaithat present [1-4].

Application forms hardening treatment is aimed lsrging the physical
properties of the parts in order to increase itgass, strength, wear resistance,
etc. These changes are made in all or part by waluior example, heat
treatment, or part thereof, in a so-called surfager part by, for example, laser
processing, and a protective layer (coating) offerént material [1, 2].

Currently there are many different kinds of hardgntreatment, which
can be divided into the following groups of signs:

1. Type of the working substance, which forms tiéese layer of the part.

2. The method of generation (playback) of the wagkinedium.

3. Type the interaction of the working substancthwie surface of the
component.

4. Type the working environment.

Kind of the working substance is determined bypitysical state (solid,
liquid, gaseous, plasma, electric field, magnetiermal, etc.) and the shape
(solid configuration, field flow medium). Generatiof the working medium is
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carried out by mechanical supply and referencedtajy, heating and melting;
configuration and intensity fields, ionization vapetc. Type of interaction of
the working substance with the surface of the camepb is characterized by
deformation (impact, static loading), chemical teaxs, structural changes,
diffusion or implantation of saturation, condensatiand other processes.
Working environment can be a vacuum, a gas (a@rtiand chemically active
gases), liquids, electric or magnetic fields, aaohbinations thereof.

Existing processes of hardening of machine pasdschassified by these
four groups of symptoms. These include: therma&gtio-mechanical, chemical,
thermal, chemical, electrical, electrochemical, avethanical.

To strengthen the technological equipment and, artiqular, dies and
cutting tools have received the greatest applinatexhnology of the surface
changes the physical properties of the parts [3].tihe working substance in
these technologies use ions of refractory metald seactive gases. The
substance is generated directional electromagfietat (beam) and implanted
(implemented) in the surface of the part. Workinyionment is a vacuum.
This treatment applies to the so-called ion-beapesyof processing. Thus
created on the workpiece surface or a protectivegting of refractory metal
compounds and gases, for example, TiC, TiN, ZrN thedike, or changing the
structure and properties of the surface layer péotsexample, the introduction
of nitrogen ions.

lon-beam treatment is the process of introducticih® sample (substrate)
of ionized atoms with enough energy to penetragesitrface region. The
successful use of ion-beam treatment is mainlyrdeted by the ability to
predict and control electrical and mechanical prige of formed surfaces
under specified conditions of implantation.

The method appeared in the early 70-ies of theckstury to the field of
high technologies to produce hybrid circuits, awoddbtain materials with
desired properties (eg, impurity semiconductorsvi@roelectronics and alloyed
with gallium arsenide for optoelectronics). The Estgname of the method:
"The lon-Beam Processing" or "The lon-Beam Treatihig.

For a long time to bring the ion beam treatmeninttustrial use it was
difficult. First of all, for ion beam processingwegment for all its similarity to
the vacuum equipment, has a lot of aspects of hmwnmplement a quality
process of ion-beam treatment. Specialists in diety years of research
conducted in this area, worked out modes are &lprocessing technology for
each particular case of the parts and tooling.
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The process is carried out under high vacuum imart gas atmosphere
(argon) in the presence of an alloying element.(Ea). To cool the reaction
zone and to prevent overheating of the treated mahtesing liquid nitrogen or
helium. In practice, often used cryogenic systemas achieve high vacuum and
create a reliable cooling of the material beingcpssed. At the beginning of the
process provided by the vacuum of the order otaeihe minus tenth to twelfth
degree mmHg. Art. Then the installation is supphegon to a pressure of about
ten to the minus of the second degree.

In case of nitriding in argon nitrogen impurity aslded at the desired
concentration or used target compound from a deitaibrogen. Next, turn on
the power source to maintain a high-frequency disgpdr The flow of argon
ions strikes the target compound from nitrogeniinga(corroding) of its atoms
and ions comprising nitrogen. Reflected from theyeg the beam strikes the
substrate (material being processed) implanting the surface contained in a
beam of ions and atoms of alloying element (seguréi 1, b). In the case of
nitrogen gas impurity mode adjusted to neutral at@nargon ions bombard
(etched) surface of the material being processeadtiog the conditions for the
penetration of nitrogen atoms and ions into theriat of the material to form a
nitride gratings [5].

First of all, we should note that the crux of tba beam processing is not
in the formation of the coating, and during theraduction of any of the
alloying elements and their compounds at a depthbolut one micron, which
forms an internal modified layer joint with thestture of the treated material
and associated its crystal lattice, and in somescHss process is to form a new
so-called amorphous structure, which has a postifext on tool life.

holder of a substrate
Met
F‘_??ﬁ’_’ substrate g‘_:_.r =15 keV

magnet system

| — — target
— cathode
) ] L
ET _—Il— +|| | offset source
a) b)

Fig. 1. Schematic ad) the process ion beam treatment
b) and alloying element concentration distributiorthie depth machined surface
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When ion implantation depends on the fluence (fluggrated density) of
ions can be formed in the surface layers of dilusegbersaturated (metastable)
solid solutions, precipitates of new phases, a$ agloss of long-range order in
the arrangement of atoms forming the solid stayestal lattice. Diagram of
phase states of metallic materials subjected tedoeam treatment, is shown in
figure 2.

Identification of specific concentration and tengiare parameters of the
implementation of a structure is a rather compéidatask that requires taking
into account the parameters of the ion-beam tradtnfenergy, angle of
incidence, the charge state of the implanted pestiche ion current density,
process temperature) and the initial microstructiithe processed material.

/\Phase formation/
The amorphous

state

Metastable solid
solutions Solid solutions

Fig. 2. Schematic illustration of phase states @taiic materials subjected to ion beam
treatment as a function of the dopant concentra@i@amd the implantation temperature Tm

Recently, ion-beam treatment, as a method for ryiodif the surface
attracting more and more attention of specialistgrious fields. This is due to [6]:

— changes in material structure and to a certgothd® the formation of
the surface layer and the microhardness increasgdual compression stress
without changing the geometrical parameters ofthéace;

— the formation of the surface layer by treatmenthwactive ions
(nitrogen, carbon, etc.) Stable chemical compoumisides, carbides) which
substantially alter both mechanical and physicaxgbal properties of the
surface;

— introducing into the surface of not only the imfsdifferent atoms and
chemical compounds, such as the creation of a kdiritant and simultaneously
hardening phase of borides, nitrides or carbidds, &, Zr, Nb.

Main advantages of ion beam treatment in compamatnother methods
of doping of the surface as follows [7, 8]

— the possibility of virtually any combination ofmatrix — alloying
component”;
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— the lack of adhesion problems, characteristictéohnological coating
processes;

— the size of the immutability of the workpiece dinh process at all
temperatures, including room and negative;

— the introduction of strict dosage amounts of agieexceptional purity
of the process;

— the possibility of occurrence of any impurity files in depth;

— high reproducibility of the structures obtainedse of management and
the ability to ion beam treatment of certain paftthe surface.

3. THE PROCESS AND EQUIPMENT

The technological process of ion-beam processingaterials comprises
the following steps [7]:

— Acquisition. On the operator manning the desk&le of parts to be
treated the same size;

— Cleaning. The surface of the parts rubbed wrate@ soaked in Nefras
to remove contaminants;

— Rubbing. On the surface of the component residNefsas removed:
first the white calico soaked in alcohol, and tlley calico;

— Control. To inspect the surface of the lack &age, lint cloth. Prepared
for ion beam processing items must bear silicaugeb 12 hours;

— Loading. Details are set to snap in a vacuum tleanmstallation PVM-
0.5F. the air is evacuated from the chamber. Iredudtary drive;

— lon-beam treatment:

1. Produced ionic surface cleaning components. FHr6@—80 minutes.

2. Held ion beam processing components. Current; 90484 — 200C
temperature; vacuum of 5 - 10MPa; nitrogen pressure of 0.097 Pa, 100 Pa
propane; coating time of 20 — 30 minutB3;10 titanium cathode.

3. Turns off the voltage on the ion source.

4. Stops the nitrogen supply to the camera.

5. Held filling the chamber with air, cooling anglmoving the snap of the
camera, and parts of the rigging, cooling of 3M-riAnutes;

— Control.

1. Visual inspection of each part (hardened surhoaild have a uniform
color) is performed at the operator desk.

2. Controlled by micro-hardness on the sample-sgne

— Transport. Finished parts are sent to the warshou

Prior to the ion implantation part must undergo-geployment training.
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The accumulated experience in the preparation efstirfaces of parts
allows us to recommend the following basic steps:

— mechanical purification of the major layers dbrigant or preservative
as well as cleaning in an ultrasonic bath and aialbg prepared solution;

— washing in hot water;

— washing with running water and ethyl alcohol.

If necessary, enter additional rust removal openafi he item is placed in
a container with a solution to remove rust, whidkerarepeated washing
operations listed. Then the item is dried in annov@onsidering the variety of
items, some of their species in the technology reparation and cleaning of
surfaces subject to refinements and additions d¢lmatnot cancel the above
process steps.

General view of the installation PVM-0.5F for iomdm treatment of
nitrogen is given in Fig. 3.

! A
—% —

]
o B[

Fig. 3. General view of the installation PVM-0.5FN:
1 — the pumping monoblock post; 2 — vacuum pump AUS3 — front control

Operation on the installation presented in on gsrating instructions issued to
students when performing laboratory work.

4. METHOD OF RESEARCH QUALITY AND STRENGTHENING
MICROHARDNESS MATERIAL

Investigation of the process of ion-beam procesaimg) properties of the
modified materials in a large number of materialssh as [8-18]. They set out
the methodology and findings.

65



Determination of the quality of parts due to haidgrof ion implantation
Is reduced to a visual assessment of the stateheftreated surface and
comparison with a standard. It should have a umfstructure and even color
(without stains).

Test method Microhardness (GOST 9450) is desigoedvaluate the
hardness of microscopically small amounts of makelt is used to measure the
hardness of individual structural components, ayv#nn surface layers,
coatings, foils, thin wire, small parts, and so NHn.

Microhardness indentation measured standard tigrutige influence of
small loads from 0.05 to 4.9 N. Four types of diachatip is used for
measurement of micro-hardness: four-sided pyraniid & square base (index
"square"), three-sided pyramid with a base in thenfof a triangle equiaxed
(index "tr"), four-sided pyramid with a rhombic leag&ode "RB"), bicylindrical
tip ("p" index). The most widely used form of diamabtip into four-sided
pyramid with a square base with an apex angle 61.13

A device for measuring the microhardness — Micradeter PMT-3,
developed by M.M. Khrushchov and E.S. Berkovicloveh in figure 4a). It is a
microscope equipped with a special subject tabté the loading mechanism,
which is fixed diamond tips.

The test specimen is mounted on a microscope tddléce under a
microscope lens. Moving the table in two mutualgrpendicular directions,
choose a place on the sample for measurement obinaézdness. Then slowly
turn the table with the handle lock to lock, witlselected portion of the sample
Is set at the tip - diamond pyramid. Then slowlyr(dg 10 — 15) is lowered with
the rod diamond pyramid so that the diamond speatitmeched. After exposure
5 — 10 with the sample under load lift shaft withiain a starting position. Turn
the table return a sample under a microscope ledsia measured with a
micrometer eyepiece length of the diagonal of theression (fig. 40)). The
countdown tenths of a millimeter is carried by figeires visible in the field of
view, and hundredths of a millimeter and thousanditn a drum micrometer
eyepiece, the price of which is equal to 0.3 mmsthw. Turning eyepiece 90°,
determined by the length of the other diagonal ealdulating the arithmetic
mean of the lengths of both diagonals.

To determine the microhardness of the diagonaltkerfgym) special
tables for different loads.

Microhardness numbers have the same dimension esndmber of
Vickers hardness or Brinell hardness: Mpa. Accagdio number of guests
Microhardness, MPa, recorded without dimensiongf@mple, Hkv = 1810.
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a) b)

Figure 4. PMT-3 microhardness tests (a) and prmtsosection (b): 1 — base; 2 — sample;
3 — illuminator; 4 — screw alignment; 5 — tube; Bierometer eyepiece;
7 — macrometric screw; 8 — micrometer screw; 9rgaal0 — table

The surface of the sample for measurement of ntiardness is prepared
very carefully — it is ground and polished. Elebttic polishing is
recommended to avoid hardening in a thin surfagerlalf necessary etched
surface of the sample subjected by the same reagehich are used for
microanalysis appropriate metal or alloy.

As a result of ion-beam treatment the hardnessi@fstrface layer parts
should be increased by at least 1.5 times.

Study corrosion resistance based the devastatiatingoby oxidative
solution. Before researching the samples with a&egog and without it coated
on analytical balance. When tested with samplesiobated and coated solution
of hydrochloric acid (30 g / d¥ and maintained throughout the (20 + —1)
minutes at a temperature of 60 — 70 degrees. Tinplea weigh on the scales,
the weight loss is compared and judged on their wesastance and corrosion.

5. TASK

5.1. For a given sample of material options to sleomodes of ion beam
treatment.

5.2. Make ion beam processing of the sample.

5.3. Measure microhardness of the sample afterepsneg, and compare
it with the micro-hardness of the sample not subjpkto the process.
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5.4. Fill in the protocol process of ion-beam treamt of the sample
surface and draw the necessary conclusions.

6. STRUCTURE OF THE REPORT

6.1. The name, purpose and performance of labgratork.

6.2. Brief information on current uses and methofdlbardening of surfaces of
parts, process equipment and tooling.

6.3. Essence and features of ion-beam treatmestednipment used, process
conditions.

6.4. Bring protocol assigned material processingdesoand measurement
microhardness surfaces results (table 1-3).

6.5. Conclusions.

Table 1
Options for job
Ne options for Sample material
1 P6M5
2 12X18H10T
3 12XM
4 12X1IM®D
5 12XH3A
6 38XMIOA
7 40XH
8 35XHIM®DA
9 15XIM1D
10 25XIMD
Table 2

Recommended modes ion beam treatment

Current,A Vacuum, MPa The temperature of the
ion-beam treatmentC
85 310 175
90 410 185
95 510 195
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Table 3

The study protocol process of ion-beam treatmestidbce details sample

The hardness corrosion
temperature Proces- detalils, resistance
sample| of the ion- | Current,| Vacuum,| sing sample IPA
material  beam A MPa time, | before | after | before | after
treatment, min pro- pro- pro- pro-
°C cessing| cessing| cessing| cessing
7. CHECKLIST
7.1. What is the purpose and procedure of the job?
7.2. What types of treatment and methods of handeoi metals, you know?
7.3. Define the process of ion-beam treatment.
7.4. Specify the features and advantages of iomlezatment.
7.5. What operations include surface preparatidaildeoefore processing?

7.6.
7.7.

What are the basic operations of process tdéapy of ion-beam treatment?
What factors (modes) have a decisive effechermquality of treatment?

7.8. Describe the technique for measuring the rhemness details sample

surface.
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