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Chapter I1.10

Particle sources

Thomas Thuillier
Laboratory of Subatomic Physics and Cosmology (CNRS-LPSC), Grenoble, France

The particle sources create the beam which will next be used in accelerators. The chapter proposes
an introduction to particle sources physics and technology. It starts with basics on the beam
emittance formation from particle sources and how to filter unwanted low energy beams prior
to their acceleration to high energy. The next part proposes an introduction to the three existing
electron sources types and their basics of physics: thermionic, field emission and photo-emission
electron guns. The chapter continues with a short introduction to the exotic beam production, taking
the example of positron sources. The last part is dedicated to ion sources. After a presentation of
the physics processes used to produce positive and negative ions, the main different families of ion
sources are shortly presented.

11.10.1 Introduction

Particle sources are the instruments specifically designed to generate the accelerators beams. The physics
covered by this topic is very large and choices had to be made to fit within a limited content size. The
chapter is divided into four sections. The first section focuses on the basics of beam extraction from
particle sources. The second section is dedicated to electron sources and introduces the three main
electron gun families: thermionic, field emission and photoemission. Each subsection starts with an
introduction to the specific physics behind the extraction of electron from matter. The third section
proposes a short introduction of sources of exotic beams, taking the example of positron sources. The
last section is dedicated to ion sources, it starts with an introductory part dedicated to the ion creation
and ion confinement. Next, a selection of ion sources families are presented: surface, arc discharge,

photoionization, negative and finally multi-charged ion sources.

I.10.2 Particle beam formation and filtering
I1.10.2.1 Initial Kinetic energy

Figure I1.10.1 presents a generic particle source beam extraction and its connection to a low-energy beam
line. The source includes a boundary surface S where a charged-particle flow is available at very low
energy (usually of the order of eV). The inner part of the source and the way of creating particle flow is

very specific and is not presented here, but later in this chapter. The collection of particles available at
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I1.10.2. Particle beam formation and filtering
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Fig. I1.10.1: Sketch of a simple particle beam extraction system from a particle source.

extraction per unit of time can be modeled by

@z//n(x,y,z)ﬁ(x,y,z).d_g, (I1.10.1)
S

where n(z,y, z) is the density of particle available close to the source extraction boundary and ¥(x, y, z)
is the local particle velocity. The particle source is generally set to a high-voltage potential V. In its
simplest design, the area of beam extraction (particle source electrode) is facing a ground electrode set
to the accelerator beam pipe potential. The difference of potential generates a static electric field which
accelerates the particle up to the kinetic energy K = ¢V where q is the particle electric charge. The
usual magnitude of high-voltage spans in the range 1-100 kV.

I1.10.2.2 Source beam emittance
The build-up of a source beam emittance is a rather complex process. The total transverse beam emittance

from a particle source after its initial acceleration can be modelled by the quadratic sum of three terms [1]

€1 = €2 + €3¢ + €5, (11.10.2)

where g is the beam emittance due to the particle initial conditions at the source (see Sec. 11.10.2.2.1),
esc is the contribution of space charge effect which inflates the beam while it’s accelerating to
reach its final kinetic energy K (see Sec. 11.10.2.2.2) and €ep is the magnetic emittance (explained in
Sec. 11.10.2.2.3).

11.10.2.2.1 Initial source beam emittance
The 1-0 normalized transverse beam emittance at the source along the direction x is
€ ="Y00y.04, (I1.10.3)
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where -y and § are the usual relativistic Lorenz factors, o, is the standard deviation of particle momentum

at the source

< P2 > — < pp >2
am,:\/ Pz ; Pe 27 (11.10.4)

where p, is the initial transverse momentum at the source along the x axis and p = ~ySmc (with m

the mass at rest and c the speed of light) is the particle momentum after the initial acceleration by the

high-voltage V,

Op =V < 22> — <1 >2 (IL.10.5)

where o, is the standard deviation of the particles position along the transverse direction x integrated on
the emissive surface; note that this surface is not necessarily planar or uniformly distributed. In the case

of particles following the Boltzmann statistics with a temperature 7°, one can find that

1 kT

Op = —A\| —=
" 48V me?

(IL.10.6)

where k is the Boltzmann constant. Typical o, values for usual emissive source surfaces are proposed in
Table 11.10.1.

Table I1.10.1: Example of root mean squares (RMS) applicable to calculate beam emittances.

circular disk with radius R Oy =
slit extraction with width a (along ) o, =

oo

11.10.2.2.2 Space charge beam emittance

The particles are usually created in the source at low energy . The first acceleration stage to reach the
source extraction kinetic energy K takes a time At. During this time, the particles electric charge repels
one from each other, inducing an unavoidable emittance growth egc due to space charge effect. In the
case of an uniform round beam density from the source, the radial electric field acting on individual

particles in a continuous beam with intensity I and radius ¢ is

ql r
T v <
2o (t) r3’ r=ro
gl 1 ’

-, Vr>
2ru(t) r roro

F.(r) = (11.10.7)

where v(t) is the particle axial velocity during the initial beam acceleration phase from ¢ = 0 to At. The
spatial beam growth due to space charge can be approximated for a specific particle source by integrating
the equation of motion of individual particles located at the beam edge during their time of acceleration
At considering the forces from Eq. I1.10.7. For an initial round beam at the source with radius rg, the
beam size will inflate to a higher radius ra; after the time At¢, leading to a transverse emittance relative

T
growth by a factor ~ =2+
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11.10.2.2.3 Magnetic emittance

When the beam is emitted from the source in the presence of a magnetic field, a new term for the
emittance appears named the magnetic emittance. This section proposes a step-by-step calculation to
retrieve its formula which is not detailed in books. The general expression of the classical Lagrangian of

a charged particle in a static electromagnetic field is

1 o
L= §mv2 —qV 4+ qU. A,

where A is the potential vector defined as B = curl (/T) If one assumes that the magnetic field is uniform

in space B = Bé.,then A = %Brég, where the vectors are expressed in the usual cylindrical coordinate
O . c e . -y - - o .

system (€, €y, €-). The Lagrangian of an individual particle at position OM = ré, + z€, and velocity

U =re + 7“959 + %€, expressed in cylindrical coordinates, reduces to
1 .2 ) 2,72 q 21
inm(r + 254170 )—qV—i—iBr 6.

The canonical momenta are

oL .
Przﬁzmrzpﬁ
oL .
Pzzgzmz:pza

oL .
Py = 5% = mr?6 + gBr2 = por + gBT‘2,

where p,, p. and py are the usual particle momentum in cylindrical coordinates. The associated Hamil-

tonian expressed as a function of the canonical momenta is

1
- 2m

P
[P+ P24 (= — %Br)Q] +qV.

H
By definition, Py = —%—Ig. H is not explicitly function of 6, therefore Py is a constant of motion. This
is known as the Busch’s theorem. Now, let us apply this result to a particle source including an axial
magnetic field of intensity By at the source extraction, parallel to the accelerator axis. There, Py =
mr20 + %B()T’Q. In usual sources, the initial particle velocity is small and related to room temperature
energies: pg << %Bor and Py ~ %Borz. In the reasoning below, we consider that the particles are
emitted from a uniformly populated disk of radius R. Once the particles have passed the extraction
system and have been accelerated up to the kinetic energy K = ¢V, they reach the final momentum p
along the z axis and propagate forward in the beam pipe. At some distance, the ion source magnetic

fringe field finally goes down to zero. There, the azimutal canonical momentum of an individual particle

reduces to Py = rpy, leading to pg = %Bor. Assuming that the whole beam is still included in a
uniformly populated disk of radius R and considering that p, = —pgsinf, we can now calculate o,/
(using Eq. 11.10.4)
qBo R
Oy = TR
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Finally, the 1-c RMS normalized magnetic emittance for a beam extracted from an uniformly populated
disk of radius R, with a local magnetic field intensity By is

— @(5)2.

€ =
2me

11.10.2.3  Child-Langmuir current limitation and perveance

In the case of a high-current density extraction from a particle source, the space charge carried by the
beam generates an electric field which inflates it radially (emittance growth) and reduces the electric
field intensity used to extract the beam. A current extraction limitation arises when the net electric field
available at the source extraction becomes null (i.e. when the space charge electric field totally screens
the static extraction electric field). In the case of a one-dimension infinite planar extraction system, the
Maxwell equations in the presence of beam current can be solved exactly. Figure I1.10.2(c) presents the
geometry of the beam extraction model solved. On the left, particles are emitted at the position z = 0
with a potential V' = 0 and are accelerated toward the plane z = 1 where the potential is V. When no
particle is present into the accelerating gap, the potential profile is linear and the electric field is constant
(see the dashed plots in Fig. I1.10.2(a) and (b) respectively). In the presence of the charged beam, the
voltage profile in the gap is distorted along with the electric field. At the current density limit J, the
charges accumulated in the gap are so high that the electric field, necessary to extract particles from the

left plane becomes zero. The Child-Langmuir formula associated with this limit is

Lo [V

J
~ 9 Vm 4%’

(IL10.8)

where ¢( is the vacuum permittivity and d is the gap distance. In the case of a real three-dimensions

extraction system, the current limitation has the general expression
J < pv3/2,

where P is the perveance specific for each extraction system. In the case of an axi-symmetric extraction,
very common for particle sources, one can demonstrate that the perveance has the following general

expression

C

P:ﬁ’

where C is a constant.

11.10.2.4 Beam filtering

In the case of ion sources, the beam of interest is generally extracted with a large quantity of unwanted
beam that it is necessary to filter as soon as possible. For positive ion sources, the unwanted beams can
be ionized air residues present under vacuum, like molecules HoO" , OH ™, H; , HT, H2+ , O; , N2+ ,
CO™, etc, or any multi-charged ion derived from the associated atoms in the case of multi-charged ion
source. Symmetrically, a negative ion source will co-extract electrons along with the negative ion of
interest and possibly other negative ion molecules or atoms. A classical way to filter the beam of interest

is by passing it through a bending magnet (dipole) with a tunable magnetic field intensity B and a fixed
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Fig. I1.10.2: (a) Voltage profile in the acceleration gap without beam (dashed line) and at the Child-
Langmuir limit (solid line). (b) Electric field profile in the acceleration gap without beam (dashed line)
and at the Child-Langmuir limit (solid line). (c) Sketch detailing the one-dimension extraction system
for which the exact Child-Langmuir formula is obtained. The arrows represent the general particle flow.

mechanical radius p. The filtering equation is, for the non relativistic case

Bp="" (1L.10.9)
q

2

Remembering that %mv = ¢V, where V is the ion source high-voltage, one can see that ions are

separated according to their mass over charge ratio

fm V2V
p = const = %? (I1.10.10)

Usual low-energy dipoles have a mass resolution of the order of x"- ~ 100, while high-resolution ones
can reach a few 1000. Figure I1.10.3 presents a typical low-energy beam transfer line (LEBT) using a
dipole to filter the beam of interest. When adding a detector at the dipole exit, ramping the magnetic
field in the dipole allows to record the mass over charge spectrum of species extracted from the source.
Another common device to filter ion beams is the Wien filter presented in Fig. 11.10.4. Here two metallic

plates are polarized to form a transverse electric field E = Ey perpendicular to the beam. A magnetic
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field B = —B#'is superimposed at the electric field. A beam with charge g and velocity v = vz will pass
without deviation through the device provided the sum of the electric and magnetic forces compensate
exactly

Fg+ Fg=q(—vB+ E)j=0. 11.10.11)

The condition is fulfilled when v = %. The Wien filter separates beams according to their velocities.
In usual LEBT, the use of a Wien filter is applicable to low-intensity beams and with a mass separation
< 10.
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Fig. I1.10.3: Dipole magnet filtering coupled to an ion source.
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I1.10.2.5 Particle extraction from a plasma

Many particle sources generate the beam of interest from a plasma under vacuum. The plasma is usually
contained into a metallic cavity (the plasma chamber) set to a high-voltage. The beam is usually extracted
from the plasma by means of a plasma electrode equipped with a circular hole (see Fig. I11.10.5) facing an
electrostatic extraction system (see also Sec. I1.10.2.1). While extracting particles from a solid surface
results in a perfectly defined particle emission location and electric potential geometry, the situation is
more complicated with a plasma. The plasma is composed of ions, electrons and neutral atoms. The
plasma is quasi-neutral at a macroscopic scale: its core is iso-potential with an electric potential V), with
respect to the walls surrounding it. If the plasma chamber wall is set to a potential V, then the particles
inside the plasma core have the potential V' 4-V},. V}, is self-consistently adjusted by the plasma to balance
the net charged-particle flux losses to the walls to zero. Because electrons are lighter than ions, electrons
move faster than ions and thus escape faster from the plasma. The loss of electrons results in the build
up of a positive plasma potential. A positive plasma potential reduces the electron flux to the wall (by
decelerating electrons and pushing the colder ones backward), while it accelerates ions to the wall. An
important parameter of a plasma is the Debye length \p which is approximated by Eq. 11.10.12 when

the ion temperature 7; is much smaller than the electron one 7,

T
Ap ~ \/Eok < (11.10.12)
Ne€
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I1.10.2. Particle beam formation and filtering

where e is the electron electric charge and n. the electron density. Ap is the characteristic distance
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Fig. I1.10.5: Sketch presenting the main parameters involved in the particle extraction from a plasma.
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Fig. I1.10.6: Illustration of the three possible plasma meniscus curvatures: concave, flat and convex.
This change of curvature significantly changes the beam initial conditions from a plasma and hence the
beam emittance formation.

below which the plasma is no more neutral and subject to local electric fields. In typical laboratory
plasma, Ap ranges in 0.01-1 mm. The plasma is surrounded by a sheath with a thickness of a few Ap.
It is inside the plasma sheath that the difference of potential with the wall, V), creates an electric field
which acts on the charged particles. The boundary between the plasma and the accelerator is immaterial
and the sheath geometry is self-consistently adapted by the plasma. The shape of the sheath in contact
with the plasma electrode is named the plasma meniscus. Depending on the charged-particle density,
energy, flux, the meniscus shape can be either convex, flat or concave (see Fig. I1.10.6). In the case
of a homogeneous non-magnetized plasma at thermal equilibrium, theoretical considerations imply that

incoming ions entering the sheath must have a minimum velocity vp

vg > , (IL10.13)
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where m; is the ion mass of species ¢. This inequality is known as the Bohm sheath criterion. Modeling
the beam extraction from a plasma requires to consider either a prescribed plasma meniscus or solving
the plasma boundary using a sophisticated code. The plasma potential value and the meniscus shape
strongly change the initial extraction condition of particles from the plasma and any simulation result

must be considered with caution as long as an experimental confirmation is not done.

11.10.3 Electron sources
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Fig. I1.10.7: Overview of the different electron source families used in lepton accelerators.

Figure I1.10.7 proposes an overview of the main electron source families: filament, field emission,
photo-emission and plasma source. The three first families from the left are presented below, preceded
by an introduction to the basics of physics. The fourth method indicated in Fig. I11.10.7 corresponds to
electron beam extraction from a plasma. This specific technique is indicated for completion but is not
common and not detailed in this section, though it is possible and easy to produce hundreds of mA of
electrons from a simple commercial plasma ion source by reversing the voltage polarity and adapting its

extraction system [2]. A reference proposing an overview of electron source is [3].

11.10.3.1 Thermionic electron sources

A convenient way to produce an electron beam is by using the thermionic emission. When a metal or
metal-oxyde is heated, the thermal vibrations of the atoms in the lattice are partially transferred to the
conduction band electrons which can populate excited states, above the Fermi level Er (energy counted
from the ground level of the material). Electrons are then naturally emitted out of the material when
their final energy E is higher than the work function W. The thermionic emission is the resulting flow of

electrons extracted from the heated material. The electron energy density distribution in matter follows

1537



11.10.3. Electron sources

the Fermi-Dirac statistics

PN _ o B)P(B) = (B)— (L10.14)
= g = g — 5 . .
dEdV =

where g(FE) is the density of state in matter and F'(E) is the Fermi function. An illustration on how
F(FE) changes with temperature is presented in Fig. 11.10.8. The vertical black dashed line stands for

the work function of the material above which an electron will be naturally freed from the material. The

e kT = E/100
= kT = E./10
kT = Eg/"
: ‘ = bl -
kT EF vacuuin ::i:::::: vacuuom
: £ image—charge
....... E P[eﬂ[iﬂl
@ : Tfl;ermiohnicI emiss w o /
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= Besdecsa u.uoccupjed{\ 1 ,/Lr—
i levels N S Z— E
e A\i ——— { Jloccupjed F
] *—o L teve
: e Ground energy level inside the metal Excited electrons
: : : (source Wikipedia) Above the Fermi level
0 1 2 3 4 .5 . .
E/Eg Fig. I1.10.9: Illustration of energy levels in matt'er
) and how electrons can escape when the material
Fig. I1.10.8: Evolution of the electron en- jg heated.

ergy distribution function in material as a
function of its temperature. The energy is
normalized to Ef.

density of electrons that can be extracted by thermionic effect is given by
J =< pevy >, (IL.10.15)

where p. = eg(F)F(FE) is the charge density distribution and v, is the velocity of electrons extracted
from the hot matter flat surface along the arbitrary chosen z direction. The condition for electron escape

is met when )
5mevz > W, (1.10.16)

which allows to express now

J = P F(v)dvgdv,dv,. 11.10.17
///Uzzmvgm (0)doaduy o (110,17

Because the electrons meeting the extraction condition are in the hottest energy part of the Fermi dis-

tribution tail, it is possible to approximate F'(E) by the Maxwell-Boltzmann statistics and calculate the
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integral. After a long calculation, one can derive the Richardson Dushman-equation

4rmek?
T = %T%*W/RT’ (IL10.18)

where h is the Planck constant. This equation reproduces well the experimental temperature dependence
of the current density, but a correction must be brought to the constant term Ay = 47”7173’“26 to account for
electric surface effects like oxidation or active layer depositions, not considered in the theory. The cor-
rection consists in replacing Ag by A = Ag\ where ) is the material correction factor [4]. Usual values
of A are displayed in Table I11.10.2. Typical current density evolutions with the temperature are proposed

in Fig. I11.10.10. Thermionic electron sources are widely used both in industry and accelerator physics.

Table 11.10.2: Work function and correction to the Richardson-Dushman coefficient for usual materials
used to produce electron source cathode.

Material W A A=A\
[eV] [Acm 2K 2]
Molybdenum 4.15 0.46 55.2
Nickel 4.61 0.25 30
Tantalum 4.12 0.5 60
Tungsten 4.54 0.5 60
Barium 2.11 0.5 60
Cesium 1.81 1.33 159.6
Iridium 5.4 1.42 170.4
Platinum 5.32 0.27 324
Rhenium 4.85 0.83 99.6
Thorium 3.38 0.58 69.6
Baon W 1.56 0.01 1.2
Th on W 2.63 0.02 2.4
Thoria 2.54 0.02 2.4
Cs-oxide 0.75 0.00008 0.0096
TaC 3.14  0.0025 0.3
LaB6 2.4 0.24 28.8

Depending on the electron source design, the electron beam intensity spans from nA to ~100 A. An ex-
ample of thermionic source applied to scanning electron microscope (SEM) is presented in Fig. I1.10.11.
Its beam current range of operation is nA to pA. The electron source is set under vacuum. A tungsten
filament is heated by a current power supply until it reaches the thermionic emission condition. The fil-
ament is polarized by a main negative high-voltage power supply. A tunable resistor allows to fine tune
the difference of potential between an intermediate electrode named the Wenhelt and the filament. In
front of the Wenbhelt is localised and extraction electrode set to the ground potential. Tuning the resistor
allows to reach the condition to get a beam cross over in the acceleration gap, of importance for SEM.
Figures 11.10.12(a) and (c) show examples of high-intensity, high-perveance, high-compression electron
source photos and design [5]. The hot cathode has a spherical shape, the Wenhelt is widely opened and
the ground electrode shape is calculated to create a radial electric field in the source which exactly com-

pensates the one of the beam space charge (geometry optimisation known as the "Pierce geometry", or
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Fig. 11.10.10: Thermionic emission electron current density as a function of the temperature for W, Ta,
Th on W, Ba on W.

the "Pierce angle"). Intensities up to ~100 A are reachable with such technologies. The general limita-
tion of thermionic guns is the filament aging caused by the fact that the electron beam ionizes the residual
gas in the accelerator pipe: the ions generated are accelerated toward the electron source and bombard
the cathode (sputtering). The lifefetime of a filament before it breaks is in the range 10-10000 hours,
depending on the design and the condition of operation. Example of cathode damaged by sputtering is
shown on Fig. I1.10.12(b).
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Cathode ~Vg-0.5kV heat the filament
heated
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-9.5 kV the voltage drop between
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Focusing o
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Fig. I1.10.11: Thermionic electron source applied to SEM. Partial material re-used from P. Buffat lecture:
Microscopie Electronique 2006/2007, EPFL, CH.
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Fig. 11.10.12: (a) Photos of high-intensity thermionic guns with a spherical cathode. (b) Photos of
thermionic gun cathode damaged by sputtering. (c) Sketch of a high-perveance high-compression
thermionic electron source with a spherical cathode. Courtesy of J. Arianer, CNRS-IN2P3.

11.10.3.2 Field emission electron sources

When a conductive solid material is set to an externally applied electric field E' perpendicular to its
surface, the evolution of the electric potential seen by an electron escaping the metal (from the Fermi
energy level) as a function of the distance z to the surface is

w e

Viz)=— —
(2) e 16meq 2

- bz (II.10.19)

W is the material work function, while the second term in Eq. I1.10.19 stands for the charge image: when
an electron escapes the material, a positive hole is present in the material resulting in a local voltage
opposing to the electron extraction. The third term corresponds to the externally applied electric field
potential. The resulting voltage profile seen by the electron is illustrated in Fig. I1.10.13 for two values of
E. The presence of the externally applied electric field decreases the potential (and energy) required to
extract an electron from the material. The reduction of the work function in the presence of an externally
applied electric field (from W down to W) is known as the Schottky effect. The associated energy drop
is found by solving % (zs) = 0 from Eq. I1.10.19, leading to the position and energy formulas

e e
5 16meg B’

e3E

Wg = .
s 4dmeq
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11.10.3. Electron sources

Practical values for Wg and zg are included in Table I1.10.3. A thermionic gun, as presented earlier, will
operate with an external electric field of the order of 10° V/m, a value easy to achieve with an electro-
static extraction system in continuous working operation. In this case the Schottky effect is negligible
(Wg << W). In the case of a thermionic gun coupled to an accelerating cavity (device known as a RF
gun [6], see also Sec. 11.10.3.3), the electric field is increased to higher values and the electron work
function is reduced. In this case, for a given cathode temperature, the current density of the electron
source is increased as in the Eq. I1.10.18 (the work function W is replaced by W — Wg). When the
electric field is increased up to 10° V/m, the work function drops by 1.2 eV (see an illustration with
the red curve in Fig. I1.10.13) and, more importantly, the electric potential barrier close to the material
boundary is so narrow (of the order of a nanometer) that now, a bound electron can escape the matter by
tunnel effect. In this case, there is no need to heat the material: electrons are emitted spontaneously. The
emission is referenced to as a cold cathode emission, or field emission (FE). The quantum mechanics
theory explaining the field emission was developped by Fowler and Nordheim in 1928 [7]. A practical
formula predicting the current density of field emission can be derived from the theory
k1 E? —kp®/?
J = e E
¢

with k1 = 1.410% (I.S.), ko = 6.87107 (1.S.) and ¢ = W — W. Field emission electron sources [8] are
experimentally achieved by shaping the material electrode to a very sharp tip. When setting a high-

(I1.10.20)

voltage to the tip cathode, the electric field is amplified as the inverse of the tip radius end, yield-
ing electron field emission. An example of application of FE is the electron microscope illustrated in
Fig. I1.10.14. Progresses in micro-electronics allowed the development of arrays of FE cathode known
as the Spindt array [9]. In this technology, an array of micrometer size tips is fabricated on a substrate,
along with an insulator layer and a metallic upper gate electrode, as illustrated in Fig. I11.10.15. Typical
experimental currents per molybdenum made tip range in 50-150 pA, with a gate voltage in the range
of 50-300 V. One can also cite the ongoing research to develop FE based on carbon nanotubes [10],
yielding 1 uA per tube. The safe field emission source requires a very low vacuum level, as in the pres-
ence of residual gas in the vicinity of the cathode tip, a breakdown can occur which would damage the
tip. The presence of adsorbed gas can also perturbate the electron emission. Jensen proposes a handy
formula to calculate the 1-0 normalized emittance from a field emission electron source, derived from
the Fowler-Nordheim theory [11]

_ 2EF AEF 1/2 _11-1/2
€= pd/mECQ[ A 2m W) 4t(y) — 1] , (I1.10.21)

where F is the electric force on the cathode, W the cathode work function, E the Fermi energy, ¢(y) =

. V4 h .
1+ %yQ(l — In(y) withy = ?/{,S “ and o 7 1s the fine structure constant.

11.10.3.3 Photoemission electron sources

Electron extraction from matter can be done by means of the photoelectric effect [12]. There, an incident
photon transfers its energy to a bound electron that can subsequently escape the material. The electron

extraction from the material is named photoemission while the electron is called a photoelectron. The
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Table I1.10.3: Example of Schottky energy and distance for various externally applied electric fields.

E Ws zg application
[V/m] [eV] [m]
10° 0.03 1.910~® Thermionic gun
10° 0.12 61072  Schottky thermionic gun
10° 120 61071 Field emission gun
I J
{ T ‘ |
material vacuum

Fig. 11.10.13: Evolution of the electric potential at the vicinity of a conductor with an external electric
field applied. Grey plot: image charge potential. Blue plot: medium electric field applied. Red plot:
High electric field applied. W is the work function, W and zg are the Schottky energy and distance
respectively. See text for details.

general scheme to produce an electron beam using photoemission is to hit the material, the photocathode,
with an intense and focused pulsed laser beam which results in the emission of a pulse of electrons. The
beam is next either accelerated by a DC or a RF electric field toward the accelerator. In the following
section, the basics of the electrons photoemission physics are explained. The photocathode materials are
presented with their pros and cons and finally a few examples of photoguns are shown.

A sketch presenting the general structure of electron energy levels in a material is presented in
Fig. 11.10.16. Evypp and Eopys are the energy valence band maximum and the energy conduction
band minimum. The difference between E'vgy and Ecpyy is the gap energy Eyqp and Er is the Fermi
level. When Er is located in the gap, the material is a semi conductor, while if it is in the valence band,
itis a conductor. E'yy4 ¢ is the vacuum energy barrier that prevents electrons in the conduction band from
escaping from the material surface. Ey4¢ strongly depends on the properties of the material surface.
The energy affinity (F'A) is defined as the difference between Eyac and Ecopyr. 1 is the ionization
energy required to extract an electron from the valence band to the vacuum. The simplest model of

photoemission is a one-step process defined by the following energy balance
1 2
hv =1+ 3MeV" (I1.10.22)
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Fig. 11.10.14: Layout of a field emission electron source extracted from Reimer lecture, electron spec-
troscopy. Photos of a cathode tip are presented on the upper right corner.
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Fig. I1.10.15: Layout of a Spindt array design.

where hv is the incident photon energy and %meqﬂ is the final electron kinetic energy out of the material.
In this model, the electron is directly emitted and does not interact with the material before reaching the
vacuum level. In many cases, this model is insufficient to reproduce experimental electron emittance and
a three-step model is used instead [13], which is as follows: (i) electrons excitation from the valence
to the conduction band, (ii) diffusion of the excited electrons through the conduction band, character-
ized by an energy loss and an increase in the electron energy dispersion, (iii) reaching the surface and
escaping the F'y4 ¢ barrier. An important parameter of photoemission from a photocathode is the quan-
tum efficiency (QE) defined as the ratio between the number of produced electrons and the number of
impinging photons. Photocathode use is limited by their dark current, being the spontaneous emission
of electron from the cathode in the absence of incoming light. The dark current strongly depends on
the purity and the cleanliness of the photocathode. Usual photocathodes applied to electron sources are
either made of metals or semiconductors. Metal photocathodes are usually done in Mg, Pb, Cu. They are
characterized by a low QE of the order of 0.1%. These metals work functions are quite high (3.6, 4.3,
4.6 eV respectively) and require an ultraviolet laser to extract electrons. The main advantage of metal

photocathodes is their very long lifetime (several years) and a quite easy preparation before operation
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Fig. I1.10.16: Sketch presenting the photoemission energy parameters from a material.
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Fig. I1.10.17: Conceptual design of the JAEA DC gun [14]. See text for details.

with respect to semiconductor photocathodes, as explained below. Semiconductor photocathodes mate-
rial usually include an alkali metal in their chemical formula like Cs, K and Na whose work functions
are low (2.14, 2.29 and 2.36 respectively). The semincondcutor photocathodes are characterized by a
low positive electron affinity £ A (like CsoTe) or even a negative /£A when photocathodes (like GaAs
or GaN) are coated with cesium plus an oxydant (like O or NF3). For this latter case, it means that
the energy level Ey a¢ is located in the semiconductor energy gap, making the electron emission much
easier. The QFE of semiconductor cathodes is high and ranges typically in 1-10%. The photoemission
from photocathodes is very sensitive to their cleanliness and systematically requires a ultra-high-vacuum
for a sustainable operation on accelerators. Non evaporable getters are usually installed in the vacuum

chamber holding the photocathode to grant a vacuum level of the order of 10~'? mbar. Higher vacuum
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Fig. I1.10.18: Conceptual design of a RF gun [16].

level reduces the photocathode lifetime by ion sputtering and cathode chemical contamination by ad-
sorbed polluted gas on the photocathode surface. As an example, the conceptual design of the JAEA DC
gun [14] is presented in Fig. I1.10.17. The cleaned photocathode is inserted by a load lock system and
installed on a cathode older. The cathode is set to a DC high-voltage (up to 500 kV) fabricated by means
of a SFg high-voltage terminal. The anode, located in front of the photocathode is set to the ground
potential. A SW DC laser beam, with a 532 nm wavelength, is injected with a small angle with respect
to the beam axis [15]. Photoemission can be advantageously coupled to a RF cavity to form a so called
RF photogun. A conceptual sketch of a DC gun is proposed in Fig. I1.10.18 [16]. The photocathode is
placed into a RF cavity. A pulsed laser beam is lighting the cathode in phase with the RF electric field
in the cavity to optimize the acceleration of the extracted electron bunch. As an example, ~15 MeV
relativistic electron beam with a charge per bunch up to 100 nC can be obtained directly after the RF
gun at the AWA facility at Argonne National Laboratory [17]. The RF frequency ranges in 1-10 GHz.
RF photoguns are used as injector for X-free laser facilities like X-FEL in Hamburg: the photodiode
is directly inserted into a travelling wave cavity allowing for the pulsed electron beam operation up to
43 MeV, with a RF frequency of 12 GHz, a charge per bunch of 40 pC, a pulse duration of 530 fs and
a repetition rate of 1 kHz [18]. It is worth mentioning that photoguns can produce polarized electron
beams by injecting a circularly polarized laser light onto a GaAs photocathode [19]. A refined technique
uses strained GaAs/GaAsP strained superlattice cathodes grown by gas-source molecular beam epitaxy.

This technique allows to reach up to 86% spin polarization of the electron beam with a QE > 1% [20].

I1.10.4 Source of antiparticles

A physics and societal interest exists for the production of beams of exotic particles. The main beams
of interest are positrons, anti-protons and muons. These particles are not easy to produce and require
special dedicated large instruments. In this section, a short summary to the positron sources physics
and technology is proposed. The reader interested in anti-proton and muon beam production can find

information in Ref. [21] and [22] respectively.
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Fig. I1.10.19: Sketch illustrating the positron beam formation from the PULSTAR nuclear reactor at the
North Carolina State University [23].

Positrons can be produced by the two following reactions: the 37 decay and the pair production. The
BT decay is a weak nuclear reaction in which a neutron from an atom nucleus converts to a proton added

with a positron e for electric charge conservation and a neutrino .. The nuclear reaction is written
AN =4 | N+et 4., (11.10.23)

where the initial atom with atomic number Z and mass number A converts to an element with atomic
number Z — 1. Such nuclear reaction is common as many radioactive atoms can decay through this
channel. The second channel of production of positrons is the pair production where an energetic photon,
with a threshold kinetic energy K > 2m.c? = 1.22 MeV, impacts a particle X and generates a pair of
electron and positron

Y+X = X+e +et. (I1.10.24)

The pair production effect is dominant for photons with an energy approximately larger than 10 MeV. At
low energy, the dominant photon interaction channel is the photoelectric effect (up to ~ 100 keV), and
at intermediate energy, the Compton effect prevails. The higher the photon energy, the higher the pair

production yield with respect to these two other photon interaction channels.

11.10.4.1 (31 decay low-energy positron beam

At the North Carolina State University PULSTAR Reactor laboratory, an intense positron source has
been developed to supply a high rate positron beam which is delivered to two experimental caves. Fig-
ure 11.10.19 presents the principle of the positron beam creation [23]. Neutrons and ~ are emitted from
the fission reactor core. A part of the thermal neutron flux is converted into y by radiative capture in a
cadmium shroud [24]

ntod'3 — cd' 4 4. (11.10.25)

The ~ flux passes through a tungsten moderator assembly in which the pair production occurs. The tung-

sten is distributed into an array of strips whose geometry is optimized to allow the positron to thermalize
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to an energy of ~3 eV before reaching the metal surface. Next, the positrons are extracted at 1 keV and
focused by a set of electrostatic lenses, as can be seen on Fig. I1.10.20, toward a beam transport line.
The beam intensity reaches up to 10° e™/s when the reactors is set to its maximum 1 MW power. The
positrons are mainly used to study material deffects and porosity as positrons can penetrate into matter
and form a positronium by binding with an electron. This neutral object is naturally accumulated into
matter cavities. The final disintegration of the positronium into a photon pair is detected, which allows

to reconstruct the location and the size of the cavity inside the sample of interest.

Fig. 11.10.20: Simulation of the positron beam extraction and focusing twoard the low-energy beam
transport line at the Pulstar facility [23].

I1.10.4.2 Intense positron beam by pair production

Another field of interest of positron beam is to use its low mass to design a high-energy/high-intensity
et e~ collider. The compact linear collider project (CLIC), studied at CERN, is based on this idea [25].
The kinetic energy at the collision would reach three TeV. Three scenarii are considered to produce
the required positron beam. The first possibility, illustrated on Fig. I1.10.21, consists in impinging an
intense 5 GeV electron beam, produced by a primary linac, on a pure tungsten crystal oriented along
the <111> crystallographic axis. The high-energy electrons interact with the dense atoms of the material
which produces an intense Bremsstrahlung emission of photons. The photons escape the thick target by
channeling, i.e. by following the particular cristallographic direction of space inside the target where no
atoms are present. Next, a dipole magnet is installed to filter out any charged-particle generated in the
crystal. Finally, a second target made up with amorphous tungsten converts the v flux into e™ e~ pairs.
The conversion is followed by an adiabatic matching device, equipped with a magnetic field which will
focus the positron beam into the first accelerating cavity of a 200 MeV linac. The second possibility to
generate an intense positron beam (illustrated in Fig. I1.10.22) is by directly generating v photons inside
a synchrotron radiation undulator, with a length of ~ 100m. This technique avoids to use a tungsten
crystal to produce the photons. The positron process creation after the undulator is similar to the former
method. The third scenario to produce an intense positron beam is to create the necessary  photons
by the inverse Compton reaction. There, an high-energy electron beam collide with a laser beam. The

elastic collision decelerates the electrons and the energy is transferred to the incident photon which can
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Fig. I1.10.21: Sketch showing the process of generating a positron beam from a primary intense electron
beam for the CLIC project. Adapted from A. Vivoli, CLIC Positron Source, POSIPOL 2009, Lyon.
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Fig. 11.10.22: Sketch showing the process of generating a positron beam using a long synchrotron ra-
diation undulator to generated the necessary y photons. Second scenario of the CLIC project. Adapted
from I. Bailey, Cockroft Institute, Lancaster university, IWLC, 2010.
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Fig. 11.10.23: Sketch showing the process of generating v photons using the inverse Compton effect.
The next steps to generate a positron beam are then the same as the former techniques.

later trigger a pair production in an amorphous tungsten target, as discussed before. The reaction is
illustrated in Fig. 11.10.23.

11.10.5 Ion sources

Many methods exist to produce an ion beam. An overview of all the types of existing ion sources is

proposed in Fig. I1.10.24. Ton sources are specifically designed to produce either mono-charged negative
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Fig. 11.10.24: Overview of the different ion source families used in hadron accelerators.
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or positive or multi-charged ion beams. The most common way to create positive ions is by ionising a
low-pressure gas in a controlled volume, forming a plasma, and extracting a beam from it. Sustaining
the plasma requires to bring a constant flux of energy toward the electron population to maintain the
ionization state, while keeping the ion temperature as low as possible to minimise the transverse thermal
ion beam emittance. The microscopic physics processes involved in the ion production in plasmas are
presented in the next section. Other specific techniques to create ions are later presented: thermal surface
ionization, laser ablation, and laser induced photo-ionization. The reader willing to dig further the topic
can consult the Ref. [26,27].

11.10.5.1 Thermal surface ionization

Atoms with a ionisation energy I adsorbed on a heated metal surface, with an electron work function W
and a temperature 7', can leave an electron to the metal when they are desorbed, resulting in a 17 ion

ejection. The mechanism is modelled by the Saha-Langmuir equation [28]

n wW—1

L (11.10.26)

L 90
where Z—; is the ratio of ion to neutral density population, ’;—3 is the ratio of ion to neutral partition
functions. The electron is exchanged by tunnel effect. The surface ionization efficiency yield is given by
the ratio

1
Tt (I1.10.27)

= W1 -
nyt+nog 14 g—ie_W

The physics phenomenon is illustrated in Fig. I1.10.25. The ionization process efficiency strongly de-
pends on the respective values of W and I. Thermal ionization is optimal when W — I > 0, or at least
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Fig. I1.10.25: Electron energy levels of a material along with an adatom illustrating how an electron can
be passed from the atom to the material. Encapsulation sketch: artistic illustration of the thermal surface
reaction. Source: J. Arianer lecture (CNRS-IN2P3).
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Fig. I1.10.26: Surface ionization efficiency of various elements from an iridium surface heated at 2000
K, as a function of the element ionization potential. Adapted from J. Arianer lecture (CNRS-IN2P3).

when W ~ I. Rising the metal surface temperature allows to reach high-production yields, sometimes
up to 100%. Thermal ionization works well with high work function metals having a high melting point
temperature. Usual ionizers are made with W, Ir, C, Re, Pt. The easiest atoms to ionize are those with
a low-ionization potential and a high-vapor pressure (i.e. with a low-evaporation temperature under vac-
uum). The method applies well to ionize alkali like K, Na, Cs and alkali-earth elements like Ba, Sr.
It is also applicable to some metals and rare-earth like Al, Ga with lower efficiencies. Figure 11.10.26
illustrates how the atoms thermal ionization efficiency evolves as a function of their ionization energy
when placed on a 2000 K iridium surface.
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I1.10.5.2 Negative ion production

Atoms have the possibility to host an extra electron in their electron shell structure to form a negative ion.
The associated extra electron binding energy is named electron affinity and labelled F, later. Depending
on the atom species, the attachment of the extra electron is either exothermic (£, > 0), meaning that
the negative ion must release energy to keep the new electron or endothermic (£, < 0). The latter case
corresponds for instance to the noble gases featuring closed orbital shells, or to the capture of a second
extra electron for other atoms. F, ranges from 0.02 (for Ca) to 3.6 eV (for CI). Negative ions are stable

but very fragile. Negative ions can be formed in volume (in plasmas) or on surfaces.

11.10.5.2.1 Volume production of negative ions

The volume production of negative ions is possible for gas species. The microscopic processes allowing

for the negative ion productions are the dissociative attachment:
AB+e  — A" + B, (I1.10.28)

and the three body collision
A+B+e — A +B. (11.10.29)

In both reactions, the excess energy is released through the kinetic energy carried away by the atom B.
In the specific case of the H ~ formation, the process requires two steps as follows: first, the Hy molecule

excitation to a high vibrational state v by a fast electron

Hy+e — Hy +e . (I1.10.30)
Second, the dissociative attachement of the excited H5 molecule with a low-energy electron

HY +e — H +H. (I1.10.31)

The difficulties of volume H~ production are that it requires both two different electron energies for the
two steps and that a subsequent collision of the fresh H~ with any other species can break the bound,

with the main following reactions [29]
H +H" - H°+ H",
H +e — H+2¢,
H  +H° > HY + e,
being respectively mutual neutralization, electron detachement and associative detachment.

11.10.5.2.2 Surface production of negative ions

The production of negative ions on surfaces is a physical effect similar to the one presented in
Sec. 11.10.5.1, except that now a material with a low work function passes an electron to an atom

with a high ionization potential, adsorbed on its surface, by tunnel effect. The process is illustrated
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Fig. I1.10.27: Electron energy levels of a material along with an adatom illustrating how an electron can
pass from the material to the atom, forming a negative ion. Encapsulation sketch: artist illustration of the
thermal surface reaction creating a negative ion. Source: J. Arianer lecture (CNRS-IN2P3).
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Fig. I1.10.28: Surface negative ionization efficiency of various elements from a LaBg surface heated at
1373 K, as a function of the element ionization potential. Adapted for a course by J. Arianer (CNRS-
IN2P3).

in Fig. I1.10.27. Likewise, the increase of the surface temperature helps to desorb the negative ions. The
negative surface ionization is also ruled by the Saha-Langmuir equation linking this time the density of

neutral atom ng to the density of negative ions n_

n_— _ W-E
—_— = 976 kT “

no go

5 (11.10.32)

where gg—; is the ratio of the partition functions. A very efficient way to boost the negative ion production
on surface is obtained by covering the hot metal surface with a low work function metal like Cs; this

latter being easily vaporized at low temperature under vacuum. A common support metal used for this
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purpose is Mo, whose work function is 4.6 eV. When it is covered with a full Cs atom mono-layer, the
work function decreases to the Cs one (2.1 eV). In fact, the actual surface work function is even decreased

down to 1.5 eV when the Cs monolayer coverage factor is partial between 0.5 and 0.7 [30].
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Fig. 11.10.29: Electron ionization potentials (IP) as a function of the atomic number Z. The different
lines correspond to successive IP required to pass from charge state n — n + 1.

I1.10.5.3 Positive ion production

Creating ions from atoms requires to remove bound electrons. The electron binding energies of the
chemical elements are well tabulated [31,32]. Figure I1.10.29 presents the electron binding energy as a
function of the atomic charge number Z. The lines correspond to the successive transition levels of ion
charge state n — n + 1. The first ionization potential of atoms varies from 3 to 24 eV, depending on Z,
while deepest electrons from heavy ions are above 100 keV (e.g. 129.3 keV binding energy for the last
uranium 1s! shell electron) . Because of the increasing number of protons, electrons occupying the same

orbital are more tightly bound in heavier elements.

11.10.5.3.1 Electron impact ionization

The most efficient way to ionize an atom or ion is by the electron impact collision
A fem — AFDE 4 o9e— (11.10.33)

where A is an atom/ion with charge state n and the incoming electron has a kinetic energy larger than
the n* electron binding energy of the electron removed to form a (n + 1) charge state ion along with an
added free low-energy electron. A semi-empirical model proposed by Lotz [33,34] proposes a fair fit of

the experimental electron impact cross sections for low and high charge state ions. For the simpler case
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of ions charge state higher than 3+, the cross section model simplifies to

om

o= ; ati—pp - om’ (11.10.34)
where the sum is done on the different subshells of the atom, FE is the energy of the impinging electron in
eV, P is the binding energy of the electron in the i*” subshell and ¢; is the number of equivalent electrons
in the i*" subshell. The constant a = 4.5-10~'4 cm?eV?. Figure I11.10.30 shows the evolution of the Lotz
differential electron impact cross section as a function of the impinging electron energy for the Argon
jons reactions Ar® — Arlt , Ar’t — A8t Arllt o A2, A5 5 A8t and A6t — ArIST
Those transitions have been specifically selected as they illustrate how the cross sections peak intensity
decreases with higher ions charge states belonging to deeper and deeper electron subshells, associated
with higher and higher electron binding energy. Note also the respective increase of the cross section
energy threshold. The higher the charge state, the smaller the ion size, the fewer the target electrons

around the atom nucleus, and the lower the probability to remove a new electron.
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Fig. 11.10.30: Electron impact ionization cross section for various argon ion targets. See text for details.

11.10.5.3.2 Charge exchange

The main atomic reaction destroying an ion, or reducing the ion charge state, is the charge exchange
where an ion A"t with charge state n crosses the path of a neutral atom B resulting in a charge exchange

of 7 electrons from atom A to ion B
A 4+ BY — A=t 4 gt (11.10.35)

A handy fit formula proposed by Miiller and Salzborn [35] for the charge exchange cross section from
charge state n ton — ¢ is
Onsn_i = A;n®(PyleV])Picm?, (I1.10.36)

where P, is the first ionization potential of atom B, n is the initial ion charge state and ¢ = 1,2, 3,4 is
the number of exchanged electrons. The tabulated fit values are reported in Tab. I1.10.4 for convenience.

Figure 11.10.31 plots the evolution of the charge exchange cross section between an argon atom and an
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initial argon ion of charge state n, for the cases ¢ = 1,2. One can note that the cross section ranges
within 10713 — 10~ ¢m?, which is two decades higher than the electron ionization cross section in
Fig. I1.10.30. One can deduce that the steady production of high charge state ions in a plasma requires a

neutral density as low as possible to avoid the rapid destruction of the ions.

Table 11.10.4: Miiller and Salzborn [35] fit parameters for the charge exchange as a function of the
number ¢ of electrons exchanged.

7 A; (o7} Bi
1 (143+£0.76)x 1071 1.17+0.09 -2.76+0.19
2 (1.08+095x10712 071 +£0.14 -2.80+0.32
3 (550+58)x107% 2.10+024 -2.89+0.39
4 (337+£89)x107'6 420+0.79 -3.03+0.86
I1x10714

< 5x10715}

g
110715 &
5%10716 L

5 10 15

Initial ion charge state

Fig. 11.10.31: Evolution of i=1 and i=2 charge exchange cross section of neutral argon with Ar"™" ion as
a function of the initial charge state n.

11.10.5.3.3 Photo-ionization

Another way to ionise atoms and ions is by photo-ionization. There, a UV to XUV laser is used to ionize

the neutral atom following the reaction
A+ hy — AT te. (11.10.37)

Measured photo-ionization cross sections show values in the range o ~ 1 — 50.107'® cm?, which is
approximately a factor 100 times lower than the equivalent electron impact ionization cross section [36].
This is why ionizing atoms is preferably done with electrons rather than photons. The production of high
charge state ions is even more difficult as it requires high-energy photons with still very low cross sections
values. Nevertheless, despite its overall low efficiency, an interesting application of photo-ionization is

the resonant laser ion source presented later in this chapter.
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I11.10.5.3.4 Radiative recombination

Radiative recombination (RR) is the process when an ion collides with a low-energy electron resulting

in the electron capture and the reduction of the ion charge state
A e — AU 4 hy, (I.10.38)

The process is followed by a photon emission (represented by the term hv in the above equation) bringing
the freshly trapped electron to its final stable binding energy state. A semi-classical formula proposed by
Kramers [37,38] gives the RR cross section summed over the orbital quantum number [ for hydrogen-like
ion configurations with nucleus charge number Z
42
Z°R;

_ —22 2
orr = 2.10 x 10 TER, ) (11.10.39)

where R, is the Rydberg energy constant, E is the incoming electron Kinetic energy and n the principal
quantum number. A practical extension of the formula to multi-charged ions with a charge state number
() and a nuclear charge number Z can be estimated following the simple expression proposed by Hahn
& Rule [39] by substituting the charge number Z in Eq.I1.10.39 by an effective charge Z,f; defined as
1

i(Z +Q) vQ >

VZQVQ <

In typical ion source plasmas, the RR cross section to remove a charge from an ion is several orders of

Zepf = (I1.10.40)

SIENERTEN

magnitude lower than the charge exchange process. This process is thus neglected in ion source models.
For completion, one must cite the dielectronic recombination process, a more complicated collision
where a free electron is attached to the ion, like for the RR, but with the concomitant excitation of a
bound electron leading to a doubly excited state [40]. Next, either the system decays to the ground state
and the ion finally loses an electron, like for the RR, or the system is unstable and one of the electrons is

kicked out of the ion, leaving the charge state unchanged.

11.10.5.4 Particle confinement

While the mean free path occurrence of an electron impact collision to produce a 17 ion is of the order
of 0.1 m in a plasma source, this distance can extend up to several km to produce a very high charge state
ion. Because ion sources are compact with a size ranging from 0.05 to 1 m, it is necessary to find ways
to keep electrons and ions long enough to allow the production of multi-charged ions. The two classical

ways to confine charged particles are magnetically and electrostatically.

I11.10.5.4.1 Magnetic confinement

When charged particles propagate in a magnetic field, their velocity is advantageously decomposed into
directions respectively perpendicular and parallel to the local magnetic field vector: v = ¥ + 7, (i.e.

B and ¥} are colinear). While the parallel motion is unaffected by the magnetic field, the perpendicular
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Fig. I1.10.32: Top: axial magnetic mirror composed of a set of two axial coils. Bottom: magnetic field
profile along the coil axis z. At the coils center the magnetic field intensity is maximum with B = By
while it passes by a minimum in between at B = By < Bj. See text for details.

trajectory becomes a circle or radius p such that v; = pw and

B
w=2 (11.10.41)
m

where w, g and m are the angular cyclotron frequency, the particle charge and mass respectively. The

particle kinetic energy K is a constant of motion
L oo 1 5
K=K, + K” = iva‘ + §mv” = const. (I1.10.42)

If the magnetic field is varying sufficiently slowly in space and time (i.e. when% %—Jf < land % < 1),

the particle magnetic moment is an adiabatic invariant of motion

= 5 = const. (I1.10.43)

Combining Eq.11.10.42 and 11.10.43 gives
K = K| + uB. (I1.10.44)

In a static magnetic field built on purpose to include a magnetic mirror, like presented in Fig. 11.10.32,
a charged particle created at a place where B is minimum (B = Bj) can be reflected back while prop-
agating toward the coil magnetic field maximum Bj;. This is the magnetic mirror effect, which can be
demonstrated as follows. Between the coils, the particle kinetic energy is: K = K + uBo. When
the particle propagates toward the coils, B increases (B > By) and consequently, considering the local
equality K = K|+ uB, one can deduce that K| < K|;: the velocity component parallel to B decreases.
If uB1 > K, there exist a place along the z axis, before the coil peak field, where K| — 0. There, the
particle velocity is purely perpendicular to the magnetic field. The particle is forced to move backward.

Defining the magnetic pitch angle as 6 = (é , V), the initial angular condition to grant a magnetic mirror
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reflection can be written as
sin g > L, (I11.10.45)
VR
where R = %1) is the mirror ratio. One can note that the magnetic mirror effect does not depend on the
velocity but rather on the local ratio of v)| to v . The phase space area where particles are confined is
illustrated in Fig. I1.10.33. The phase space area associated with a non-confinement of a particle is named

the loss cone. The radial magnetic confinement of particle can be efficiently achieved with a multi-pole

Fig. I1.10.33: Particle velocity phase space in a magnetic field. Particles following inequality Eq. I1.10.45
are indicated in dashed area.

magnetic field like quadrupole, sextupole, octupole, etc. An ideal multipole with order n generates a

transverse magnetic field with the following expression

B, = Bo(RLO)n_ICOS(TL —1)0,
r

B, = —BU(R—O)”_lsin(n —1)0, (I1.10.46)

B, =0,

where Ry is the free multiple radius and By is the multipole intensity at r = Ry. By symmetry, the
field in the center is null while its intensity increases gradually as the radius increases. The radial mul-
tipole magnetic confinement is illustrated in Fig. 11.10.34 where half a dodecapole is represented along
with a sample of particle trajectories [41]. On can see how particles propagating toward the poles are
focused and finally magnetically mirrored back toward smaller radius where the magnetic field intensity
is weaker. A drawback of multipole magnetic confinement for plasma is that the particles loss to the wall
are concentrated on small surfaces, leading to possible local wall degradation due to sputtering of local

wall temperature heating.

11.10.5.4.2 Electrostatic confinement

It is possible to confine a particle species, either positive or negative by creating an electrostatic potential
well. An axial electrostatic trap is composed of a set of colinear metallic cylinders biased to specific
voltages as illustrated in Fig. I1.10.35 where a central hollow electrode set to ground potential is cornered
by a positive electrode on the left and on the right. The electric field profile on axis is plotted in red,
with a minimum Vj at the center surrounded by two peak intensities V. If a particle with a kinetic
energy K and an electric charge g is present in the trap, it won’t be able to escape axially provided that

K < q(Vi — Vp). The radial electrostatic confinement is more difficult to achieve experimentally. For
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Fig. 11.10.34: Simulation result showing how particles are confined by a radial multicusp magnetic field.
Reproduced from J. Lettry et al., Rev. Sci. Instrum., 81 (2): 02A723, with the permission of AIP
Publishing.
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Fig. I1.10.35: Set of three concentric biased electrodes forming an axial electrostatic trap for ions.

instance, in an electron beam ion source (see later Sec. I1.10.5.10.2), a radial electrostatic confinement
E = E,.(r).7 is achieved by the local space charge generated by the constant flow of an electron beam

that can trap ions (see Fig. 11.10.36)

ﬁ Vr S To
2¢0

E.(r) = , (11.10.47)

2

T
700 Yr > rg
2eqr

where p is the local ion beam charge density per unit volume and rg is the electron beam radius. The
2

peak electric potential carried by the beam is V' (ry) = %. One should note that when the electron beam

is loaded by ions, the total charge density decreases. A limit of ion accumulation is reached when the

electron beam is fully space charge compensated by the trapped ions charges.

11.10.5.4.3 Ion production dynamics

When the ions are created in a volume, it is interesting to model the dynamics of ion production using a

simple linear zero dimension model (assuming that the process is homogeneously distributed in space).

1560



CERN Yellow Reports: Monographs, CERN-2024-003

Fig. 11.10.36: Electric field generated by a charged-particle beam with radius g as a function of the
radius.

The dynamics of an ion species density n; with charge state ¢ and velocity v; can be written as [42]

ony; - - n;
atz = NeNi—1(05 1 yiVe) F10Mi41 (0551 Vit 1) —N0N (T555;_1V5) —NeNj (af@i+1ve>—f. (I1.10.48)
(2
While the equation for evolution of the neutral gas density ng is
on, iz
0
5 = %0 - Z} nonio s, 1, (11.10.49)

where 0¢ and 0°° are electron impact and charge exchange cross sections, v, is the electron velocity, ®
is the neutral incoming flux. The electron collision rates are calculated with an imposed normalized elec-
tron velocity function distribution f as (ov) = [* f(v)dv. And the term — 24 models the confinement
time which depends on the geometry and possible magnetic or electrostatic confinement system. In this
simple model, the charge exchange and electron impact are assumed to exchange only one electron per

collision. The radiative recombination and photoionizations are also neglected.

11.10.5.5 Surface ionization ion source

This type of ion source uses the thermal ionization physics process (see Sec. 11.10.5.1) [43]. The sketch
of a typical surface ionization ion source is presented in Fig. 11.10.37. A piece of metal of interest is
inserted into a reservoir surrounded by a heating system, constituting a metallic oven. When the oven
temperature is high enough, the metal evaporates and pressure builds up. The evaporated atoms are
then diffusing toward the ionizer stage made up with a porous material. The ionizer is heated by an
independent system, to reach a temperature higher than the oven one, to maximise the surface ionization
efficiency. The source is set to a positive high voltage. The porous ionizer is facing a set of extraction
electrode to accelerate the 11 ion beam toward the ground. The advantages of a porous ionizer are (i) an
increase of the overall ionization efficiency (by an subsequent increase of the emissive ion surface) and
(ii) the possibility to shape freely the porous ionizer geometry to adapt the electric field in the extraction
area, like for a solid thermionic electron gun. The intensities achievable with usual surface ionization is
ranging in 0.1-100 pA. For further details on surface ionization ion sources, see for instance [44]. An

advantage of surface ion sources is that they are highly selective. They are used in radioactive ion beam
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Fig. I1.10.37: Block diagramm of a typical surface ionization ion source.

facilities to produce radioactive alkali ion beams from targets [45].

11.10.5.6 Filament ion source

Filament ion sources are widely used in the industry because they are very simple to build and maintain.
In a filament ion source, an electron beam is produced by a thermionic gun which ionizes a gaz injected
into a plasma cavity set under vacuum. In this part, three different types of monocharged filament ion
sources are presented: the indirectly heated cathode (IHC) ion source used in the industry, the pressure
ion gauge source (PIG) used on cyclotrons and the forced electron beam arc discharge (FEBIAD) used

in target ion sources system to produce radioactive ion beams.

11.10.5.6.1 Indirectly heated cathode (IHC) ion source

Indirectly heated cathode ion sources (IHC) are included in modern industrial ion implanters to produce
very intense beams to dope semi-conductors. CW intensities up to 30 mA of B*, F*, H", Ge™ etc,
are daily produced with such ion sources. Figure I1.10.38 presents the typical layout of an IHC ion
source as presented into a patent [46]. The ion source consists first of a rectangular cavity set to a high
voltage: the anode. The gas to ionize is injected by a controlled valve into the cavity. The cavity is
crossed by a magnetic field, generated by a an external dipole magnetic field, aligned with the cavity
main axis. On the left (see the zoomed area), a massive cathode is indirectly heated by a smaller heated
filament located behind the massive cathode. The massive cathode is set to a potential lower than the
anode (-100 to -200 V) which accelerates thermionic electrons toward the cavity. The electrons are
guided by the magnetic field through the chamber and are reflected back at the other end (right side on
the drawing) by an anti-cathode set to the same potential as the massive cathode. The gas is ionized
on flight by electron impact. The source operates in the range ~ 1072 Pa and has an atom to ion
conversion efficiency of the order of a few %. The ions are collisional at this pressure and drift toward

the slit extraction aperture where they are accelerated by a set of dedicated electrodes (not represented
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Fig. 11.10.38: Sketch of an IHC ion source [46]. See text for details.

in the figure). The main advantage of this technique is that the first stage filament is protected from
the arc discharge plasma and does not suffer from direct high-intensity ion bombardment. The massive
cathode and anti-cathodes, facing the plasma, are sputtered instead. And, because they are massive, they
can withstand long operation without maintenance, up to 1000 to 2000 hours, to be compared with the
former generation of Freeman or Bernas ion sources (see Fig. I1.10.39(b) showing a Bernas ion source
whose filament is directly in contact with the arc discharge, resulting in a cathode lifetime roughly an

order of magnitude lower with identical condition of beam production).

11.10.5.6.2 Penning ionization gauge (PIG) ion source

The Penning ionization gauge ion source is an old filament source concept able to produce single and
up to medium charge state ions. It still used today on a few pulsed accelerators like GSI [47] and more
specifically as an internal source for cyclotrons. A typical layout of a PIG source installed at the center
of a cyclotron is presented in Fig. I1.10.40 left. The source consists of a thin tube in which the electron
beam is confined by the strong central cyclotron magnetic field. The ion source behavior is similar to
the IHC. The specificity here is that the extracted beam is accelerated in the cyclotron magnetic field
and that the beam turns around the ion source (see Fig.I.10.40 right). Recently, the lifetime of the
filament in cyclotron PIG was enhanced by fabricating the cathode with a metal strip plate providing
extra mechanics strength to counter the Lorentz force due to the passage of current perpendicular to the

cyclotron magnetic field axis [48].

11.10.5.6.3 Forced electron beam arc discharge source (FEBIAD)

Several research facilities in the world are dedicated to the study of exotic nuclei (with short radioactive
lifetime) like ISOLDE [49] at CERN. Radioactive nuclei are created in a dedicated target not discussed.

The target is heated to facilitate the effusion of condensable radioactive chemical elements toward a
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Fig. 11.10.39: a) View of a dismounted industrial IHC ion source. The cathode and anti-cathode are
visible at each discharge chamber end. b) Former technology Bernas ion source where the filament is
directly in contact with the plasma. An anti-cathode is located at the other end of the arc chamber.
c) Photograph of a typical slit extraction of an implanter filament ion source. d) Design view of a
socket system holding the whole filament ion source mechanics, allowing fast plug/unplug maintenance
to maximize the operation time.

specific hot ion source where the atoms are ionized once then accelerated toward an radioactive ion
beam (RIB) accelerator for further study. Because of a huge local radioactivity and a high temperature,
the lifetime of sophisticated ion sources in RIB facilities is very short, of the order of a few weeks.
The requirement for the ion source is that it should be robust, simple, cheap and able to operate for a
few weeks run. The forced electron beam ion source arc discharge (FEBIAD) is specifically designed
for this purpose [50]. Figure 11.10.41(a) proposes an overview of the CERN FEBIAD MK?7 target ion
source which operates up to 500°C, while Fig. 11.10.41(b) shows a zoom of the FEBIAD. An external
coil provides an axial magnetic field that guides charged particles in the cylindrical ion source. On the
right is located a massive hot Ta cathode which emits electrons toward the arc chamber (the anode)
through a grid that allows a fine tuning of the electric field controlling the electrons energy and their
spatial distribution. The hot radioactive gaseous atoms emitted by the target are diffusing toward the
source by a hot transfer line and injected through the grid into the arc chamber. The ions are produced
by electron impact and are guided by the magnetic field toward the extraction system. The ionization
efficiency of this device is in the range 20 to 70%. It can produce beam intensities of 17 ions of the order
of 1 nA. Other versions of FEBIAD exist for higher working temperature operation up to 1900°C. With
these versions, evaporated condensable radioactive elements (e.g. Au, Bi, Pb, Pd, Ge, etc) can be ionized

and transformed into an ion beam.
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PIG
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Fig. 11.10.40: (Left) Layout of a PIG ion source for cyclotron extracted from the patent
EP13020087NWAT1 [48]. (Right) Top view of a cyclotron showing how the ion beam turns around
the PIG source.

11.10.5.7 Resonant ionization laser ion source

Resonant ionization laser ion sources (RILIS) use photoionization to ionize atoms. As a single laser with
a photon energy higher than the first atom ionization potential would ionize many unwanted chemical
species, a step-wise resonant excitation of the atom by a combination of several laser wavelengths is
used to ionize a specific atomic species. In RILIS, up to three different laser wavelengths are fine tuned
to populate successive electron excited levels until the atom reaches either an auto ionization state or a
Rydberg level. A detailed review of RILIS is available in the open publication by Fedosseev [51] and
used below to explain the RILIS physics. Figure I11.10.42 presents an overview of the possible step-wise
photon exitation of the electron energy levels leading to an atom ionization in RILIS. Three main electron
excitation pathways are used to eventually expel an electron, depending on the atom ionization potential
level (referred to as E; on the plot). The first common step is to promote a valence electron to a high-lying
energy level. This step is done with one or several laser pulses, depending on the atom configuration.
The blue arrows in Fig. I1.10.42 indicate transition requiring the generation of higher harmonics of laser
radiation (with energy hwr): 2wy, 3wy, or 4wy,. Next, three paths are possible. The first possibility is
a non-resonant transition to the continuum (see green arrow paths to A, D, I, L in Fig. 11.10.42), but the
low ionization efficiency of the transition requires high energy laser and the final ion production yield
is limited by the laser available power. The second step is through the autoionization state mechanism
(labelled ais in Fig. 11.10.42, see transitions B, E, H, J, M) where several laser pulses raise the energy
level of two or more electrons so that their total energy excitation is larger than the ionization limits: the
consequent electron energy re-arrangement leads to the emission of a free electron. When it is available,
it is advantageous to use ais mechanism as the associated cross sections are 2-3 orders of magnitude
higher than the autoionization transition ones. Finally, when ais is unpracticable, the last path is to

populate Rydberg states where the highly excited electron state is a few meV away from the ionization
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Fig. I1.10.41: a) Overview of the CERN FEBIAD ion source MK7. b) Zoom around the source plasma
chamber.

level (transitions C, F, K, N). The extra missing energy to free the electron is brought for instance by an
externally applied electric field or a collision with another atom. RILIS are used in target ion sources
assemblies in RIB facilities (see also discussion in Sec. I[1.10.5.6.3). Figure 11.10.43 proposes a cut-away
view of the CERN RILIS target ion source. The ionization is achieved in a 3 mm diameter and 34 mm
length tube heated up to 2000°C. The laser beams are injected through the ion source extraction electrode
hole. The resistive heating of the tube provides a small electric field which helps the ion extraction from
the source. RILIS used as a target ion source offers several advantages: i) the source mechanics is simple
and robust, while the complexity, coming from the tuning and maintenance of lasers is external and is
done in a safe place without radioactivity, ii) the ionization of atoms is specific to a given chemical
species, which means that the source extracts only isotopic ions with the same nucleus charge number
Z and excludes any unwanted isobars. Hence, the later beam selection with a bending magnet (selecting
according to , g=17) allows to filter any unwanted atomic mass A and provides highly pure RIB species

for which phys1cs experiments can be achieved even with very small intensities of ions.
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Fig. 11.10.42: Resonance ionization pathways used by the ISOLDE RILIS. See text for details. Repro-
duced from [51] under CC 3.0 licence.

I1.10.5.8 Negative ion sources

Negative ion sources are used in accelerators when it is found advantageous. Indeed, it is very easy to
convert a negative ion beam into a positive one by passing it through a simple stripping foil. The instant
change of particle beam sign can be an excellent advantage for a variety of accelerators as it tricks with
the Liouville theorem. One can cite for instance the stripping of negative ion beam in the core of a tandem
electrostatic accelerator, allowing to finally double the beam energy once outside of the tandem. Or the
enhancement of the delicate proton beam extraction from a cyclotron using a H~ stripper. And also the
simplification of injecting protons into a storage ring, replacing the extreme ramping requirements on
injection kickers by an elegant charge exchange device. And last but not least, negative H~ ion sources
allow for the injection of neutrals into tokamaks to provide ohmic heating of the fusion plasma. In this
section, three negative ion sources will be briefly presented: the magnetron driven surface ion source,
the RF driven negative ion source, and the neutral injectors of the ITER tokamak. Reader willing to
learn further on the topic could for instance read these references [29,52]. Finally, it is reminded that the

physics processes involved in these ion sources operation have been introduced in Sec. 11.10.5.2.

11.10.5.8.1 Magnetron surface negative ion source

The concept of magnetron surface negative ion source was invented in the USSR [53]. It was next copied
and enhanced in several laboratories. Figure I1.10.44(top) presents a schematic of such an ™~ ion source.

Hydrogen gas is injected by a slit into a cavity having the shape of a racetrack. An external oven injects
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Fig. 11.10.43: Cut away view of the computer assisted design of the CERN RILIS target ion source.

permanently a flux of Cs vapors that scatter and cover the whole cathode surface (as Cs atoms transiently
stick on the surface before being re-evaporated). The source is surrounded by magnets providing the
field necessary to sustain the magnetron arc discharge in the space between the anode and the cathode.
The source is set to a high voltage and the H~ beam is co-extracted with electrons. The magnetic field
used by the magnetron is favorably used to filter the unwanted electron beam out of the way, thanks to
their magnetic rigidity, being much lower than the ions’ one. A photograph of the Brookhaven National
laboratory magnetron ion source is displayed in Fig. I1.10.44(bottom) [54]. This type of ion source can
produce ~100 mA of H ™ in pulsed operation with a pulse width of 700 pus and a repetition rate of 7 Hz.
Typical discharge voltage/current values are 150V/15A. Like electron sources, such a device suffers from

sputtering and the source must be maintained after ~ 270 days.

11.10.5.8.2 Radio-frequency negative ion source

The radio frequency (RF) negative ion source is used to produce intense pulsed H~ beams. Fig-
ure 11.10.45(top) proposes a sketch of this ion source. The chamber is surrounded by a multicusp
magnetic field confining the plasma (see Sec. I1.10.5.4.1). A RF internal antenna, operated at 2 MHz
inductively creates eddy currents in the plasma sheath that heats electrons up to ~ 30 eV. The warm
electrons diffuse toward the center of the chamber where they excite H2 molecules to a high vibrational
state Hj (see Sec. 11.10.5.2 ). Close to the source exit, a weak dipolar magnetic field prevents the warm
electrons to go further, while the excited atoms can pass through. The plasma after the filter is composed
of low-energy electrons suitable to produce H~ by collision with the excited Hj molecules. The dis-
tance between the volume production of 4~ and the plasma extraction electrode is limited to a few cm to

minimize the probability of H ~ destruction by collision. The H~ production is completed by a surface
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Fig. 11.10.44: (Top) Schematic of a magnetron surface negative in source [29]. (Bottom) Photo of the
BNL magnetron source with the extraction electrode removed to see the inside [54]. The permanent
magnets blocks sustaining the discharge are visible on both sides of the source.

production concentrated on the inner surface of a short collar located close to the extraction area. There,
a Cs oven continuously provides Cs atoms sticking to the surface in contact with the plasma. This type
of ion source produces ~ 50 mA of H~ beam during 1 ms with a 6% duty factor. The RF power required
is ~ 50 kW. One should note that triggering the plasma requires a pre-existing seed plasma. It can be
achieved by sending a 14 MHz pre-RF pulse, or by injecting a plasma puff generated by an auxiliary
compact plasma source [56].
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Fig. 11.10.45: (Top) Schematic of a radio-frequency negative in source both using volume and surface
negative ion production [29]. (Bottom) Layout of the ONL radio-frequency source showing its sophisti-

cated ion extraction system [55]. Courtesy of M. Stockli, Oak Ridge National Laboratory.

11.10.5.8.3 Neutral injectors for tokamaks

One of the ways to heat/sustain a tokamak magnetic fusion plasma is by injecting a heated neutral beam
tangentially to its tore. The neutral beam energy must be adapted so that it reaches the plasma core and
produce ohmic heating. The larger the plasma, the higher the neutral beam energy required to reach
the plasma center. In the case of ITER, the neutral beam injection must be done at a kinetic energy
of 1 MeV. Because the neutralization efficiency of a positive H™ ion beam in a charge exchange cell
is dramatically decreasing above a few 100 keV, it was chosen to use negative ion sources for which
neutralization efficiency remains very high even at high energy. The total beam intensity from ITER
source is expected at 40 A, a quite huge current for an ion source. The neutral injection for ITER is done
by two sources delivering 20 A each. Each source is composed of eight individual negative RF ion source

drivers set in a 2x4 array. This type of source has been presented in Sec. 11.10.5.8.2. A sketch of a single
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Fig. 11.10.46: Sketch of an individual H~ ion source driver of ITER. W. Kraus, CERN Accelerator
School 2012.

driver is presented in Fig. 11.10.46. It is composed with a RF plasma source driver continuously fed with
Hj or Dy gas. Next the plasma expands radially into an expansion chamber (whose transverse dimension
is ~ 0.3x0.6 m?). An evaporator projects Cs atom vapors through the expansion chamber in the same
direction as the plasma. A dipolar magnetic filed is located at the right end of the expansion chamber
to block the warm electrons (~ Kkillers) created by the RF antenna while letting through the ions and
neutrals. Finally, a set of three stacked grids are closing the chamber. See grid details in Fig. 11.10.47(d).
The first one is the plasma grid, which is set to the same electric potential as the driver. Cs atoms stick on
the first grid, along with the former plasma content: H ~ surface ionization occurs there. The second grid
has the same potential as the plasma grid but is equipped with a network of small magnets which filter
electrons and prevent them from being co-extracted. The third grid is set to a potential of +20 kV with
respect to the source’s driver. Focused beamlets of H ~ are accelerated through each of the individual
(14 mm diameter) circular holes forming the accelerating grid. Figure 11.10.47(c) shows a cutaway
view of a single driver assembly, while (a) and (b) display the whole ion source assembly composed of
eight drivers respectively from the rear (drivers visible) and the front (extraction grid visible). At the final
ITER installation, each source will be set to a 60 kV potential, then attached to a stack of five accelerating

electrodes with a voltage difference of 200 kV.

11.10.5.9 Microwave source

The microwave source, or Taylor source [57], uses the electron cyclotron resonance (ECR) to heat the
electrons in a plasma. The ECR condition is reached when an injected electromagnetic wave oscillates
in a cavity at the same angular frequency wgrp as the electrons rotating in a magnetic field B, (see
Eq. 11.10.41)

Becr
WRP = Wee = 2T (I1.10.50)

e

1571



11.10.5. Ion sources

%

| wvaansssss il

1 beamlet group: i \/ T
5 x 16 = 80 apertures —=o—— °

Spacing 20 x 20 mm? ' T =
extraction area: 123 cm? 4] n‘i il

Bias plate

d)

Fig. 11.10.47: (a) Rear view showing a full ITER ion source module with eight drivers. (b) Front view
photo of full ITER ion source module. (c) Cutaway view of an elementary driver source. (d) Details
of an individual source extraction grid including magnetic H~ beamlet focusing. W. Kraus, CERN
Accelerator School 2012.

where m, and ¢ are the mass and charge of electron and the frequencies are in unit of rad/s. Fig-
ure 11.10.48 presents a layout of the SILHI ECR ion source installed at the SPIRAL?2 accelerator [58].
The plasma cavity is a cylinder of ~ 10 cm diameter and ~ 10 cm length. The RF injected is produced
by a 2.45 GHz 1 kW magnetron. The cavity is surrounded by a set of three permanent magnet cylin-
ders generating a quasi flat axial magnetic field in the cavity, with the important condition that there
exists at least one surface inside the chamber where the magnetic field intensity equals B, respect-
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Fig. 11.10.48: Layout of the SPIRAL2 SILHI ECR ion source installed at GANIL. Courtesy of R. Gobin,
CEA, France. The density plot inside the cavity shows the magnetic field intensity and the yellow line
the ECR magnetic surface (place where B = B,.,).

ing Eq. 11.10.50. When a cold electron passes the resonance zone (identified with the yellow line in
Fig. 11.10.48), it undergoes a resonance acceleration that increases its energy to ~ 10-100 eV, allowing
for subsequent electron impact ionization of the gas injected in the cavity. The charged particles in the
plasma follow the magnetic field lines and ions are guided toward the plasma extraction electrode on the
right side. This type of ion source is advantageously used to produce intense light gas ion beams of the
order of ~ 100 mA. The axial magnetic field profile in the source is plotted in Fig. 11.10.49 for both the
original Taylor ion source and the SILHI version at SPIRAL2. Both sources can produce 100 mA of
proton beam, despite a quite significant difference in the position and number of ECR magnetic surfaces
(one for SILHI, two for Taylor). The main advantage of the ECR ion source with respect to arc discharge
ion sources is that the power coupling to the electron is intangible: there are no filaments nor wearing
parts. The maintenance of such an ion source ranges from three months to years, depending on the ion

beam intensity extracted.

11.10.5.10 Multicharged ion sources

Multicharged ion sources are conveniently used to produce ion beams for accelerators, as accelerating
a high charge state ion can either result in a higher final beam energy (case of cyclotron) or a shorter
accelerator to provide a given final energy (case of linac). Modern and commonly used multi charged

ion sources are electron cyclotron resonance ion sources (ECRIS) and electron beam ion sources (EBIS).

1573



11.10.5. Ion sources

=
o
=

Bz on axis (T)

0.02¢

0.00 :
-100 -50 0 50 100

Z (mm)

Fig. 11.10.49: Magnetic field profile on the axis of the microwave source. The black curve is for the
SILHI source at SPIRAL?2, while the red curve shows the original Taylor magnetic design. The dashed
blue line shows the magnetic field intensity for the ECR frequency of 2.45 GHz. The vertical dashed
black lines indicate the position of the plasma microwave cavity.

Both are presented in this section, along with another R&D technique, yet under study: the laser ion
source (LIS).

11.10.5.10.1 Electron cyclotron resonance ion source
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Fig. I1.10.50: Sketch of a multicharged electron cyclotron resonance ion source.

Electron cyclotron resonance ion sources (ECRIS) were invented in the 60’s by R. Geller [59] at

Commissariat a I’Energie Atomique Grenoble (France). A sketch of a typical room temperature ECRIS is
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Fig. 11.10.51: Example of the 18 GHz PHOENIX V3 ECRIS (GANIL) mechanics and magnetic field
structure (a) ECRIS sectional view. (b) Axial magnetic profile (Black curve), radial hexapole magnetic
profile measured at the plasma chamber wall (Blue curve). (c) Sectional view of the iso-B lines inside
the plasma chamber. The resonance line B=0.64 T is indicated in dashed red in both (b) and (c) plots.

proposed in Fig. I11.10.50. The ECRIS cylindrical plasma chamber is surrounded by a set of coils which
generate an axial magnetic mirror (see Sec. 11.10.5.4.1) and a hexapole, often made with permanent
magnets. The superposition of the two magnetic field creates a magnetic bottle, or B-minimum, where
the magnetic field intensity is minimum at the center and maximum at the plasma chamber wall. The
magnetic field is especially designed to have a closed magnetic surface, the ECR zone, located far from
the wall, where electrons can resonate with the injected microwave (see Sec. 11.10.5.9, Eq. I11.10.50 and
Fig. 11.10.50). The charged particles in the plasma follow the local field lines in the source, indicated in
black solid lines in Fig. I1.10.50. After an electron passes through the ECR surface, it gains kinetic energy
and propagates toward the plasma chamber walls. But, because the magnetic field intensity increases,
it can undergo a magnetic reflection (see Sec. 11.10.5.4.1) and go back toward the ECR surface where
it will be heated again. Magnetically confined electrons can make multiple passages through the ECR
zone and reach a mean kinetic energy of the order of a few keV. Likewise, the ions are magnetically
confined in the plasma and can be trapped up to hundreds of ms. The ions remain cold in the plasma

1575



11.10.5. Ion sources
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Fig. I1.10.52: Ion beam spectrum recorded from the 28 GHz superconducting VENUS ECRIS (Lawrence
Berkeley National Laboratory) operated at 28 GHz frequency. [60]

with a temperature of the order of k7" ~ 1-10 eV. The hot electrons and the long ion lifetimes allow a
step-by-step ionization of ions. A consensus exists on the presence of a dense electron population in the
center of the cavity, around the ion source axis, which confines electrostatically the ions and helps to
produce high charge state ions. The ECR plasma is strongly magnetized, out of equilibrium, anisotropic
and inhomogeneous, making its modelling and understanding very complicated. The plasma is sustained
by the constant injection of a microwave, of the order of 1 kW, and the injection of atoms. The collisions
in the plasma redistributes the charged-particle velocities and constantly feeds the axial magnetic loss
cone (see Sec. 11.10.5.4.1) which brings the particles to the edge of the plasma where a round extraction
electrode is located. The axial magnetic mirror is engineered to be asymmetric with the highest peak
intensity on the injection side (the place where atoms and RF are injected) and the weakest axial peak
on the extraction side (the place where ions are extracted, see Fig. I1.10.51(b) and text below). With an
asymmetric magnetic mirror, particles preferentially drift toward the extraction area to form an ion beam.
The plasma chamber is set to a high voltage and the ion beam is accelerated by an electric field toward
the following low-energy beam line. An important feature of ECRIS is that the ionic current extracted is
proportional to the plasma density, which in turn is proportional to the RF frequency to the square

Theam ~ Wiy ~ B2 (11.10.51)

ecr*

This equation is known as the ECR scaling law: to produce a higher intensity multicharged ion beam,
one can design an ion source with a higher magnetic field, but there is a catch. The optimal magnetic
field to produce high charge state ions requires the last closed magnetic surface in the plasma chamber to
be B ~ 2Be., and an injection peak intensity on axis ~ 3.5-4 B, (see text below and Fig. I1.10.51(b)).
So increasing the plasma density requires to increase homothetically the overall intensity of the magnetic
bottle. Figure I11.10.51(a) presents a sectional view of the 18 GHz PHOENIX V3 ion source in operation
at GANIL. The axial magnetic field (Fig. I1.10.51(b)) is done with a set of axial room temperature coils.
The soft iron yoke surrounding the coils allows reaching the iron saturation of ~2T on the atom injection
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side of the plasma chamber, while the other axial mirror peak, located on the ion extraction side, is
set to a lower value (1.3 T here) to favor particle loss on this side. The hexapolar magnetic field is
done with a Hallbach hexapole delivering a 1.25 T intensity at the wall. The ECR magnetic field to
ensure a resonance at 18 GHz is B¢,y = 0.64 T and is indicated with a dashed red line on the plot.
The iso-B lines inside the chamber are plotted in Fig. I1.10.51(c). One can see that the magnetic field
intensity is minimum at the center and increases toward the chamber walls to confine the plasma. The
twist of the ECR zone (closed dashed red line) is a consequence of the interaction of the parasitic radial
component generated by the axial coils and the hexapolar magnetic field. Above 18 GHz, ECRIS must
use superconducting coils to produce the required plasma magnetic confinement intensity. An example
of a uranium ion beam spectrum recorded with the VENUS 28 GHz superconducting ECRIS [60] is
presented in Fig. I1.10.52. The atom-to-ion conversion efficiency is of the order of 80% in ECRIS when
gas is ionized. The production of various metallic elements is achieved with dedicated ovens that inject
evaporated metallic atoms into the plasma where they are ionized in flight. The ionization efficiency for
metals is in the range of 1-20%, and in some cases, up to 50-70% when the plasma chamber surface is
heated to allow metal re-evaporation. The operational range of pressure in an ECRIS is ~ 1076-1078

mbar.

I11.10.5.10.2 Electron beam ion source

magnet coils

cathode ] —/’h S
| — .| I

electron — electron
beam B collector

radial electron

space charge
axial potential potential

Fig. I1.10.53: Diagram showing the principle of operation of an electron beam ion source (EBIS) [62].

The concept of electron beam ion source (EBIS) was invented at the Joined Institute for the Nuclear
Research (Russia) in 1969 by Donets and his collaborators [61]. Figure I11.10.53 presents the diagram
of an EBIS [62]. On the left, a thermionic gun generates an electron beam which is accelerated toward
an ion trap equipped with a set of drift tubes (voltage biased electrodes) and immersed into an axial
magnetic field. The electron beam is focused by the magnetic field inside the trap. The electron beam
is next dumped on an electron collector at the exit of the trap. Figure 11.10.54 presents the distribution
of electric potential in the EBIS. The electron gun is set to a negative potential Ux. The three drift
electrodes are set to a positive high voltage U, Uy and Us respectively. The high voltage of the drift
tubes accelerates the electron beam to reach (depending on the type of EBIS) an energy of a few keV
to ~200 keV. All voltage electrodes are independently tunable. At the exit of the trap is located the
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Fig. 11.10.54: Electrical scheme of EBIS operation: Uy, cathode potential; Ug,;,, ion extraction po-
tential; Up, potential at the cathode heater; Uy, trap potential at the side of the electron gun; Us, trap
potential at the ion extraction side (switched for pulsed ion extraction); Us, potential at the middle drift
tube [62].

electron collector set to the ground potential (place where the electron beam is decelerated, defocused
and eventually dumped) and finally the ion beam extraction electrode with a negative potential Ug,y,..
The electrodes inside the trap are biased to form an axial electrostatic well, where Us<U; and Us<Us,
which axially confines ions (see Sec. I11.10.5.4.2). The space charge of the electron beam creates a
negative potential that confines the ions radially (see also Sec. 11.10.5.4.2). The electron beam energy
is tuned to optimize the multicharged ion production by electron impact. The EBIS operates as follow
to create an ion beam. First, the gas of interest is injected into the trap. Then, the atoms of the gas are
bombarded by the energetic electrons. Once an atom is ionized in the electron beam, it is automatically
trapped electrostatically in the source, both axially and radially. The ion will next undergo a step-by-
step ionization by electron impact. Thanks to a very low base vacuum in EBIS (in the range 10~'2 to
10~ 1% mbar), the charge exchange process is very limited in the trap and very high charge state ions can
be produced. The accumulation of ions into the trap is limited by the total electric charge AQ) of the

electron beam in the trap of length L [62]

I.L I.L
AQ =" = (11.10.52)
Ve \/ 2Ke/me
where I, = ‘é—? is the electron beam intensity, v, = ‘C%, K., m. are respectively the electron velocity,

kinetic energy and mass. Once the ion trap is full, the voltage Us is set to a value lower than Us: the axial
electrostatic trap is opened on the extraction side. A bunch of ions is accelerated by the extraction system
toward the beam line. The trapping time of ions in EBIS can reach seconds when one wants to produce
very high charge state or even bare ions. During this time, ions are being slowly heated by collisions. If
one reduces the voltage Uj in such a way that Us<Us3<Uj, a constant flow of ions will be extracted from
the EBIS, those whose velocity (increased by collisions) is sufficient to overcome the potential barrier.

Figure I1.10.55 illustrates the simulated evolution of a xenon ion charge state distribution (CSD) into an
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Fig. I1.10.55: Simulation of the evolution of a xenon population ion charge state in an EBIS trap at
Dresden as a function of time with I, = 40 mA, E, = 15 keV and P = 2.10~ mbar [62].

EBIS at Dresden [62] as a function of time. One can see how the CSD evolves with time from low to high
charge ions and finally reaches an equilibrium after 5 s with an ion density distribution peaked on Xe*4+.
One can note that EBIS CSD is concentrated on a few charge states, to be compared with the ECRIS CSD
width on Fig. I1.10.52. It is possible to produce beams from condensable elements by injecting a bunch
of 17 ions in the EBIS by its extraction size, reducing transiently the voltage of Us to let the 17 ion in
and increasing Us once the ion bunch is injected to trap the ions [63]. The subsequent multi-ionization
process is identical as the one previously explained. A state of the art high-intensity EBIS is the RHIC-
EBIS [64] installed at Brookhaven National Laboratory, USA. Its mechanical design is diplayed in the
Fig. 11.10.56. This ion source has a 188-cm-long ion trap and utilizes 7-10 A of electron beam witha 5 T
superconducting solenoid. Because the drift tube is very long, it can store a large quantity of ions (80 nC
per pulse) and produce high-intensity pulses of various chemical elements by using the 17 ion injection
technique described earlier. The beam pulse intensity from the RHIC source can reach 1.7 mA for 10-40
us with a 5-10 Hz repetition rate. A beam of interest for the accelerator is Au3>*. Finally, it is worth
mentioning that EBIS are conveniently used as charge breeders [65] to boost the radioactive ion beam
(RIB) charge state in dedicated facilities as the EBIS low operation pressure provides RIB with a purity
compatible with the needs of the physics experiments.

11.10.5.10.3 Laser ion source (LIS)

A laser ion source (LIS) consists of a vacuum chamber equipped with a solid target. See the example of
the CERN R&D LIS developped in the early years of 2000’s decade on Fig. I11.10.57. A powerful short
laser pulse is sent on the target. The laser is located outside of the chamber, in a dedicated room. The
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Fig. I1.10.56: Cutaway view of the state-of-the art RHIC-EBIS mechanical design [64].
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Fig. I1.10.57: Layout of the CERN prototype laser ion source studies in the early years 2000.

laser pulse is guided toward the reaction chamber by a set of mirrors and finally focused on the target
to maximise the local power density deposition. The local energy deposited by the laser is sufficient to
vaporize the target surface. The subsequent heating of the vapor by the laser electromagnetic wave creates
a dense hot plasma (meaning that the ions and electrons are at a thermal equilibrium) with a temperature
of the order of ~ 10 keV. This high temperature allows to multi-ionize very efficiently the atoms from the
target. Naturally, a plasma jet is formed and expands in the chamber with a direction perpendicular to the
target surface. In the case of the CERN LIS, the target chamber is set to a high voltage and the plasma
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Fig. I1.10.58: Bismuth ion beam charge state distribution function measured in a Faraday cup after the
CERN LIS.

Fig. 11.10.59: Photograph and mechanical design view of the IMP CAS LIS test bench. From left to
right, one can see the LIS chamber, RFQ and the LEBT. Courtesy of Y. Zhao, IMP CAS.

beam is accelerated by a set of high voltage electrodes. The laser was providing a 100 J energy pulse
over the 50 ns pulse. The power density at the target reaches 10 W.cm~2. Figure I11.10.58 shows an
example of ion beam CSD measured in a Faraday cup upstream the source (time of flight measurement:
the ions reach the detector at different times, depending on their velocity, function of the ion charge
state). Impressive charge state up to Bi*** was recorded. The drawback of the LIS hot plasma is that
the ions are produced with an important ion transverse energy spread (~ 10 keV). To cope with the large
transverse beam emittance, the ion beam is immediately injected into a RFQ, granting both focusing and
acceleration of the ion charge state of interest. The goal of this R&D was to explore the possibility to
take advantage of the high-intensity and short pulse length to inject in one turn the beam directly into a
LHC chain storage synchrotron at once, instead of making a multi-turn injection with a classical pulsed
ion source (having a lower intensity and a longer pulse duration). The project was stopped by lack of
funding. In the 2010’s years, a new R&D on LIS started at the Institute of Modern Physics of Lanzhou
(China) with possible societal applications like hadron therapy and pulsed neutron beam generation.

Here, the source uses a commercial laser with a wavelength of 1064 nm, a power of 1-8 J and a pulse
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duration of 8 ns. The source produces for instance 180 mA of pulsed C®* & Al'!'*. Using the RFQ and
LEBT presented in Fig. I11.10.59, 13 mA of pulsed C®* beam were measured after the bending magnet
in a Faraday cup with an energy of 586 keV/A. The energy spread is measured at +8 keV/A. The R&D

on LIS is still going on, with interesting prospects.

11.10.6 Exercises
11.10.6.1 Electron source beam emittance

A thermionic electron source has a flat disk shape cathode with radius R = 5 mm. The cathode is heated
at T" = 2000 K. The electrons are accelerated by a high voltage potential of -100 kV. The horizontal

normalized beam emittance is defined by

€Nz = VB0L0

where 7, [ are the usual relativistic factors, o, is the root mean square of beam position along the
direction x and o,/ is the root mean square of the electron velocity distribution function along direction

x.

1. Show that o, = %.

It is assumed that the electrons are uniformly extracted from the cathode disk.

2. Show that o,y = /2L,

It is assumed that the electrons are following the Maxwell-Boltzmann statistics. The associated

normalized electron velocity distribution function along x is given by

dp(vz) [ m 3 _m?
dv, (27rk:T> ¢

It is recalled that

3. Calculate € ;.

4. What would be ey ,, value?

11.10.6.2 Ideal particle extraction

Assuming a one dimension problem, with two infinite parallel plates separated by a distance d and

creating a difference of potential 1{, demonstrate from AV = —% = 0 that
- W
E= Eoz :
d—
V) = ! d"’), 2 <d
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11.10.6.3 Particle acceleration at extraction

Using Newton’s second law, assuming a geometry similar to the exercise in Sec. 11.10.6.2, derive the

evolution of the velocity of a particle with charge ¢, mass m, versus z in the accelerating gap (for non-

2
v(z) =4/ (2/22, z<d ,
2
v(z):v(d):\/q?vo, z>d

relativistic particles)

Vo — V=0
=0 E
=0 —
m.q \l | particle
\ I z
z=0 z=

11.10.6.4 Particle acceleration at the extraction

A transverse constant velocity is added with respect to the previous exercise (see Sec. 11.10.6.3)
Uy = vyY, notation: v, =v = v,(d)
Show that

y(z) = L2Vdz, z<d |
Uy
y(z) = ?(z—kd), z>d

I1.10.6.5 The Child Langmuir law: space charge limitation of particle extraction

Assume a one dimension extraction of particles (mass m, charge ¢). The geometry and notations for the
problem are identical to the exercise 2 (see Sec. 11.10.6.2). The static electric field generated by the two
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Y.
Vv - V=0
patrticle
y=0 |
\ \ i
z=0 z=d z
electrodes is v
= 0
Ey=—7%.
07 g

Assume now the charge density of particles p(z) in the gap. There, the particles create a space charge
electric field Esc(z) which disrupts the former static electric field Eo so that the actual local electric field
is now

E(2) = Ey + Ese(2)

In this exercise, it is proposed to calculate the actual electric field (and associated electric potential) in

the extraction gap. To solve the problem, the following general equations are used

Ay = £
€0
div J = /(;(tZ) ,

Esc ‘
bttt bttt
— ittt b —p
HI++++++1f+

11.10.6.5.1 Using the conservation of energy, show that

v(z):\/MVbT_nv(z)), 0<z2<d
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11.10.6.5.2 Assuming a stationary problem, show that
J(z) = J(0) = Jo = p(2)v(2)

11.10.6.5.3 Show that V (z) is a solution of

42 —g\/ 271(‘/0 - V(2))

We set k = ‘5]—8, /5, and U(z) = Vo — V(2), the equation writes
d?U
i 4 —1/2
dz? v

11.10.6.5.4 Introducing the electric field E(z) and using E = —VV, show that

d2U dE
- =F.— EdE = kdU/VU
72 i and Ed kdU/

I11.10.6.5.5 Deduct that
E2(2) — E2(0) = 4k ( U(z)) , Y0<z<d

11.10.6.5.6 The condition for the particle extraction to be blocked by space charge is reached when
the space charge density in the gap is so high that it screens the electric field at z = 0,
E(0) = 0. Then, available particles cannot be accelerated anymore. Integrate from
z=0to z = dto find

11.10.6.5.7 Deduct that the current density Jy blocking the particle extraction is such that

3
_ deo 29V
9 Vm a2

This is the Child Langmuir current density limit!

Jo

I1.10.6.6 Ion Charge breeding

A 17 ion source delivers a 3K potassium beam. Then ion source potential is set to 10 kV.

11.10.6.6.1 What is the ion velocity? Is it relativistic?

It is reminded that the atomic mass unit is amu = 931.49 MeV/c2.
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11.10.6.6.2 The ions are injected into an ECR charge breeder whose plasma is set to the high voltage
of 9.90 kV. At what energy does the 3°K ions pass into the plasma? What is their velocity?

11.10.6.6.3 The mean electron kinetic energy in the plasma is 90 eV. The ionization potential to pass
from 3°K+ to 3°K?* is Py_,5 = 31.63 eV. The number of electrons on the outer subshell
is g1 = 6. Using the simplified Lotz formula below, calculate the electron impact cross
section o to pass from 3°K™ to form 39K?*.

The simplified Lotz cross section formula is

14 log (Pfi?) 2
o~45x10""g ————% cm”, (I1.10.53)

KPP

where K is the electron kinetic energy responsible for the ionization process.

11.10.6.6.4 The plasma electron density is n = 102 cm—3. Calculate the ion mean free path
associated with the electron impact collision of the former question
1
A= —.
on

11.10.6.6.5 The plasma length is L = 50 cm. Demonstrate that the number N of remaining 3°K+
beam after the crossing of the plasma is N (L) = N (0)e~L/X. Deduce the actual ratio
of 3°K™ converted to 3°K?* in the plasma.

11.10.6.7 Electron Beam Ion Source (EBIS)

An EBIS is equipped with a planar LaBg thermionic cathode heated at 2000 K with a disk diameter of

4 mm.

11.10.6.7.1 What is the electron beam intensity generated?

Use the modified Richardson-Dushman equation to calculate the current density.
J = AgAT?e " W/kT | with Ay = 47”7173’“2@ = 1.20173 x 10A/m?/K and A = 0.24. The LaBg work
function is 2.4 eV.
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Table I1.10.5: Argon ionization potential energies (IP).

IP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
eV) 16 28 41 60 75 91 124 143 422 479 539 618 686 756 855 918 4121 4426

11.10.6.7.2 The electron beam surface is compressed by the EBIS magnetic field by a factor of 10.
What are the beam radius and the electron current density J in the EBIS?

11.10.6.7.3 The electron beam is accelerated by a -6 kV high voltage. A population of N Ar'™ ions is
trapped in the EBIS. Ar®* ions are created by electron impact. The population evolution
of Ar'™ and Ar?T ions with time is noted N1 (t) and N7 (t) respectively. Show that

N2t (t) = N(1 — e™).

V = Ne014—2+ Ve 18 the collision rate.
J = en,v, is the current density, e the electric charge.
Ve 18 the electron velocity.

01+—2+ 1s given by the simplified Lotz formula (see Eq. 11.10.53 in Sec. 11.10.6.6, considering g; = 5).

11.10.6.7.4 Calculate the time when N?*t+ (t) = NH'(t) = %

11.10.6.7.5 The electron beam voltage is set to 900 V. What is the maximum argon ion charge achiev-

able in the source?

The argon ionization potential are proposed in the Tab. I1.10.5.

I1.10.7 Solutions
11.10.7.1 Solutions to exercise 1 (see Sec. 11.10.6.1)
Uniformly distributed random points inside a circle of radius R

With the cartesian coordinates, the probability distribution function is

1 o2 2 2
—5z, fzc+y* <R
fla,y) =4 ™"
0, elsewhere

When changing to cylindrical r, # coordinates
r=rcosfl, y=rsinf

we can express the probability distribution function g(r, ) in cylindrical coordinates as

R 27
= / /gr 0)drdd = // f(z,y)dedy =1
r=06=0 x2+y2<R2
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11.10.7. Solutions

The change of coordinate from cartesian to cylindrical is ruled by the Jacobian matrix J

dx _ g dr _ % 60 dr _ [cos 0 —rsinf\ [dr '
dy df 9 9y ) \do sin  rcosd ) \db
System from which it can be deduced that

dxdy = det (J)drdd = rdrdf.

So,
R 2w 1
/ fz,y) dedy = / —grdr df
x24+y2<R? r=060=0
The probability distribution function expressed in cylindrical coordinates is finally g(r, ) =
R 27 27
xr
//7rR2 9—/7TR2dr/c059d9:0
0 0 0 0
R 27w R 27
xor r3 cos? f 1 [r47% 2 R*
—drdf = drdf = — | — = 20+1)df = ——m =
//n 2 // k2 TrRQ[zL]O/O 5(cos20+1) iRz
0 0 0 0
Therefore,

ISR~y

or =/ (x?) =
Maxwell-Boltzmann velocity distribution function

3 2, 2, 2
m 5 _m(vz+vy+vz)
P(vg, vy, v,)dvgdvydv, = (m) e T dugduoydu,

+o00 +oo +oo

///+°° Pdvgdvydv, = /p(vx)dvx /p(vy)dvy /p(vz)dvzzl ,

—00
—00 —00 —00

with
2

Mmvyg

1
p(vg)dv, = (%) ? e o du, ,
T

m % +OO m‘U2 m % +OO 77L'U2
(vg) = (27rkT) /_ Vg€ kT dv, = (QTrk‘T) 2/0 (vp —vg)e™ T dvy, =0
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9 m % Foo ) _mvg
W)= (o) [ e Fa

o0

Using the integration by parts’ technique [(uw)’ = [uw] = [v/w + [uw’,

Thus,
+m m1)2. l m/U,Q. +oo +OO — m,11,2.
<1)2> = / vie =T du, = (L) : 7%6_ 3T v, - / 2kTe_ 3t du, ,
v e 2kT 2m e S 2m
1 +oo
2 _ m )2 M/ _yZd 2kT
(V) <27rk‘T <+m _006 yV m ’
kT
<U§> m
Therefore,
kT
Oz’ =V <Ug> =\
m
and

R KT
ENgx = Og0y! = 5 H

The intermediate results to calculate the electron source normalized emittance are proposed in the
Tab. 11.10.6. The value for the normalized emittance is €y, =0.55 m.mm.rad. Finally, by symmetry

of the problem, the value of the vertical emittance is equal to the horizontal one ey, = € .

11.10.7.2 Solutions to exercise 2 (see Sec. 11.10.6.2)

(1) E=-VV
(2) V-E=2

Using (1) and (2), yields AV = — £

In one dimension, f(z) only = ‘57‘/ =0 (nocharge,p = 0)and E = E(2)Z = —%Z There-

2
fore, V(z) = az + b with V(0) = Vj and V' (d) = 0, which yields

V(z) = —(d—2)Vz €[0,d]
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Table I1.10.6: Calculations for the exercise in Sec. I1.10.6.1.

Parameter Symbol or Equation Value Unit
Electron kinetic energy K 10° eV
Electron mass Me 5.1110° eV/c?
Lorenz factor vy=1+ mKCQ 1.196
Velocity factor B=4/1- A/% 0.5482
v 0.6555

Temperature T 2000 K
Boltzmann constant k 1.3810723 J/K
Electron charge e 1.610719 C
Light velocity c 3.108 m/s

Oy = 577; 1.061073 m/s
Radius R 0.005 m

oy =14 0.0025 m
Normalized emittance €Nz = VBOzO 1.731076 m.rad
Normalized emittance €N,z 1.73 mm.mrad
Normalized emittance €N 0.553 m.mm.rad
And finally,
= W
E=—Z
17

At one dimension, this leads to

=

dv -
& 4E
a1
dv, 0 alon
=q— z
di q d g )
dz
’U prd ’U = —
z dt b

dv dv dz Vo

m — — (] —

dat ~ Mazat ~ Ta
= mvdvzq%dz ,

_a%
md

1 z z
/ vaZQVO/ dz |
2 0 md 0
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v(z)

11.10.7.4 Solutions to exercise 4 (see Sec. 11.10.6.4)

No motion is considered in the z-direction: z = 0 and v, = 0 V¢.

y(0) =0
. . . 2(0) =0
Uy =vyy at t=0 particle at
vy(0) = v, = const
v,(0) =0
dvy
dv E—; = dt — (‘)/ ’ (1)
mos=4q dv, _ 4Y0
dt W= (2)
dy . .
(1) = vy(t) = const. = v, and o = which yields y(t) = vyt. (3)
qVo
2) = v,(t)=—(t—-0). (b
@)= v.) =00 —0). ()
dz qVpt qVo t?
— =1 — (0= 4
Tat " ma W FO= gy @
2mdz(t
Using (3) and (4) yields y(t) = vyt = v, ”;;U (7)
0
2 2
From Ex. 2, v;(2) = 4/ Z:;Z and v,(d) =v= U%/O. (6)

Using (6) and (7) yields
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11.10.7. Solutions

y(z) = Woviz Vz<d ,
v

and )
v
d) = —d.
yld) = —
Atz =d,
y(d) = 2ed
z=d
For z > d,
2qV/
v,(t) = const = 2470 ,
m
z(t) = ot + ort suchthatz > d;t' =0 = z(t =0) =
) "+d (fort' suchth >d;t' =0 (t'=0)=d) |,
dy
vy(t'):const:vyﬁazvy :
y(t") = vyt’ +y(0)
Therefore,
z—d vy vy
y(z) = vy +2—=d=—(z2+d), z>d

v v v

— -
//
Yo
4
\\_\
\\\
.\\\\.

11.10.7.5 Solutions to exercise 5 (see Sec. 11.10.6.5)
11.10.7.5.1

1 1
Energy = const = imeQ(z) +4qV(z2) = imvz(O) +qV(0) =qW

and therefore,

v(z) =4/ ———, 0<z<d . (1)
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11.10.7.5.2
- o 9p
J==L
ot
which, in stationary conditions implies that
V-J=0

For one-dimensional problems, J = f(z) only and therefore it leads to

J(z) = Jo = const.

By definition, J = pv and therefore

11.10.7.5.3

which for one-dimensional problems, leads to

PV(z) _ p(2)
d2’2 €0

Using (1) and (2) yields

Using (4) and (3) yields
d*V () B 7@ m 1
dz2 e\ 2¢ (Vo—V(2))/2

Defining k = 22, /2% and the positive potential

€0

U)=Vo—V(2) >0 Vzel0,d]

Therefore,
w_ v
dz  dz
using (5) and (7), one gets
?U(z) k
dz2 U(z)
11.10.7.5.4
E=-VV
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11.10.7. Solutions

- dVv
1D i E(z)=——F7
inz = E(z) FRE
dU(z)
E(z) =
— B(z) =52
d*U(z) d dE  dEdU dE
B S e e e i )
Using (8) and (9) yields
dE k dU
=T = BAE=kis (10)
11.10.7.5.5

B(2) U(2)
(10) :>/ EdE:k:/ % ,
E(0) vy UY

— JB() ~ 5BX0) = 2k (VTG - VI0))

2

— FE%(2) — E%(0) = 4k\/U(2) . (11)

11.10.7.5.6
Space charge upper limit when E(0) — 0:
(1) = E%(2) = (L)* = kU2 — U — \/akUV/A4,

U(d) dU d
— = \/E/ dz
/U(O) Ul/4 0

4 U(d)
. [Uﬂ ~ VAR -0)
3 U(0)

U(0)=Vo—V(0)=0 and U(d)=V,—V(d) =V

11.10.7.5.7
4
§%3/4:\/4k:d ,
_Jo [ 16 ady
eV 2 9 d2 e \[2q
which finally gives

J _% 27 ‘/03/2
0= 9N a2
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I1.10.7.6 Solution to exercise 6 (see Sec. 11.10.6.6)
11.10.7.6.1

The atomic number of 3°K potassium ion is A=39. The ion mass is
M = A.amu = 39 x 931.49 MeV/c?.

The ion kinetic energy of the K* ion exiting the source is K=10 keV. Let’s assume that the ion is
relativistic with the usual Lorenz factor y and velocity [3.

K= -1)Me = y=1+ 15 =1+ g5008%057005 = 1 +2.75 x 107"

B=,/1— 7%:0.000742.

B < 1, so the ion is non-relativistic.

v =2.23x105 m/s.

11.10.7.6.2

The evolution of the ion total energy £ (sum of the potential energy ¢.V" and the kinetic energy K) is a
constant of motion from the 17 source to the Charge breeder. For convenience, the evolution of K and
qV is proposed in the following figure.

When the ions enter the charge breeder set to 9.9 keV, they are decelerated to the kinetic en-

E=V(z) + K(2) 1+ion Beam pipe Charge breeder Beam pipe

source ion source
K(z)
Vi) m/m—mr—mmmm - — — —

ergy K = 10 —-99 = 0.1 keV. Their new velocity is such that %mvz = K = 100 eV
_ 2K _ 2x100 _ 4

= U=\ T \/39x931.x49x1606 ez = 223 X 107mys.

11.10.7.6.3

Substituting the kinetic energy of the impacting electron K =90 eV in the simplified Lotz formula,

along with the other data provided in the text, gives ¢ ~ 9.9 x 107 17cm?

A= -1 ~ 101 x 102¢cm ~ 101 m.

_ 1
on — 9.9x10-17x1012

. The mean free path is

11.10.7.6.4

In a plasma slab of thickness dz, the number of collision is 0N = N(x).n.o.dx, where N(z) is the
remaining number of ions at position x. The infinitely small variation of N(x) relates with dN as
N(z + dx) — N(z) = —0N. The negative sign is due to the fact that N(z) decreases with x (the
collisions destroy the 17 ions).

dN
N(xz+dr) — N(z) = dz.5; = —N3dx
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g e
©) dN _ [T d
= Jn(o) Y=L % -
N z
SN log(NEgg)z—on ,

— N(z) = N(0)e > .

The ratio of 17 ions converted to 2 in the plasma of length L is such that N(L) = N (0)6_%.

At every position z the sum of the 17 and 2" population is constant N (0) = N+ (x) + Nyt (z) = const
N, N, ¢

11.10.7.7 Solution to exercise 7 (see Sec. 11.10.6.7)
11.10.7.7.1

The current density J generated by the electron gun is calculated with the corrected Richarson-Dushman
equation J = AgAT2e™W/HT with Ay = 4mmek®e — 120173 x 105A/m?/K and A = 0.24.

KL — 8.6 x 107° x 2000 = 0.1723eV = J = 1.03 x 10°A/m?.

The cathode surface is S = WDT2 = 3142004 _ 1 95 x 10~5m>.

4
The electron currentis I = J.S ~ 13 A.

11.10.7.7.2

. . . 2 2
The electron beam diameter D’ in the source is such that 7'('% = 1—1077% — D' = \/%D = 1.26 mm.

The new current density is J' = é =10J = 10.3 x 10% A/m?.

11.10.7.7.3

N = N (t) + N2 (t), Vt.

Att=0,N'*(0) = N and N2+ (0) = 0.

V= Me014+2+Ve = §01+_>2+ (collision frequency).
ANt = N (t)vdt = N'T(t) = Ne V.

— NZF(t) = N(1 — e ).

11.10.7.7.4

N2+(t) — N1+(t) — eVt — % — =7 = log]j(?).

From Tab. I1.10.5, one can see that the ionization potential energy to pass from 1" to 27 is 28 eV. The

electron beam energy is 6000 eV. So the electron impact cross section is

~14 log(°5°) —18 .2
01424 =4.5x 10 X 5 X 6000x 78 "~ 7.19 x 10 cm©.

= B 710 % 10715 — 46,0z

— 7 ~ 14.9ps.

11.10.7.7.5

The electron beam kinetic energy is set to 900 eV. From Tab. 11.10.5, one can see that the highest
achievable charge state is Ar'®t as the IP to pass from 14% to 157 is 855 keV, while the next level
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is 918 > 900 eV.
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