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Introduction to ion sources (1/2)

 The need for ion beam covers the whole Periodic table

* The process to ionize a specific atom R R R

depends on the group (column) to which & E—

i > [ 5] B TE ]

tbelongs | B R g 5

« The atom chemical properties are of great ==|_= e B B B R EI 3 1l

iImportance to decide how to ionize it O AR e o o e
 There are several ways to ionize atoms

IN IOoN sources:

« With a low density plasma under vacuum (very common)

« Works great for any gas and also condensable like metals, provided the metal
can evaporate at high temperature

* On a surface (specific technique)
» Works great with the first group: Alcaline
* Directly from solid (specific technique)

* Via sputtering (uncommon technique used for negative ion production,
discussed later)

T. Thuillier, JUAS, Archamps, 7/3/2016 45
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Introduction to ion sources (2/2)

« Another complication specific to ion beams comes from the fact that
lons are very heavy with respect to electrons and that the
acceleration process is proportional to Q /M ratio.

» To save money, you want to shorten your linear accelerator and
accelerate the highest Q /M ratio to reduce the total length

« Multicharged ion sources have been developped for this purpose

* They are much more complicated and expensive

 But finally, they can save several M€ on an accelerator budget by shortening
the acceleration section

* The lecture will review a large number of ion sources...
It's impossible to go into detail !

* Prior to presenting an ion source, the lecture will start with some
background physics

T. Thuillier, JUAS, Archamps, 7/3/2016 46
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Electronic configuration of atoms

Each atom has a specific electronic cloud configuration ﬁ‘“\\

« Each electron has a spin number s up (T) or down (1) » N
* The electrons are splitted into shells defined by quantum numbers: | ~ - '
* principle quantum number n: 5, 9 3
« K(n=1),L(n = 2),|2\/|(n = 3).... - ky_// .,:
E/la;;rr:es”h%l g?erz:trsgﬁ;,zer’:c.?l?dmns, i.e. K shell 2 electrons, L shell 8 electrons, 3 y‘//
« Quantum orbital number [ :
e 0<iI<n
- Each shell is divided into orbital subshells I: s, p, d, f (1=0, 1, 2, 3) Kshell:n=1-1=0-m=0-s={
* Maximum number of electrons in the subshell: 2(21 + 1), ( (L1 5= {T
i.e.s:2,p:6,d:10, f: 14 Tl
* Third quantum number m;: IR it R s={,
* m, is the projection of the orbital number [ along the z-axis. Lshell: 1-s= {I

* In each orbital subshell, -l < m;< [

So on each shell, individual electron is specified by its unique
quantum numbers: n,,m, s

\ 0—>m=0—>s={

Material compiled from H. koivisto, JUAS12 lecture

T. Thuillier, JUAS, Archamps, 7/3/2016
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Electronic configuration of atoms

* The shells/subshells are filled up following
the Klechkovski (Madelung) rule:
» With n + [ increasing

* In case of equality, the first shell filled
Is the one with the lowest n

« Nitrogen (Z=7): 15%25%2p3 ® 1357
- Neon (Z=10): 1522522p® = T
* Argon (Z=18): 1522522p®3523p°®
 Electrons are bound to the deepest layers with
the maximum bound energy :
* The rule is not absolute: some exception Nitrogen
exists B
« Ex.: Cr, Cu, Mo, Pd, Ag, La, Ce, Gd... T . [ N
i San

A ,
Rg::, Orbital quantum number values [

Material compiled from H. koivisto, JUAS12 lecture
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Electrons binding energy in atoms

Electrons are bound to the atom nucleus with
and energy depending on the atom number
Z, and the quantum numbers n, I, m

» The deeper the electron shell (lower n), the higher
the binding energy

* For a given subshell, The higher the Z, the higher
the binding energy

Nitrogen lonization potentials
800

100

0
0

lonization potential [eV]

@
eee?
1 2 3 4 5 6 7 8
Charge state

lon charge state

The first ionization energy (or « ionization
potential ») is the minimum energy that must
be brought to the atom to expell a first
electron

The second ionization energy is the minimum

H
He

energy required to remove a second electron\

from the highest occupied subshell Ne
* Etc... Ar
See T. Carlson, CALCULATED IONIZATION POTENTIALS FOR Kr
MULTIPLY CHARGED IONS , ATOMIC DATA, 2, 63-99 (1970) Xe

»
»

1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+

13,6
24,6
14,5
Q@‘
15,8
14,0
12,1

54,4
29,8
41,0|

47,7
63,5
40,7
36,9
32,1

77,9
97,1
59,8
52,5
44,6

98,4 554
126 157 239
144
126

109

1195
422
231
205

27,6
24,4
21,2

75,0 91,0
64,7 78,5
57,0 68,4

111
96,4

Material compiled from H. koivisto, JUAS13 lecture

Electron bounding energy (eV) of some gas vs ion charge stat:

T. Thuillier, JUAS, Archamps, 7/3/2016
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Electrons binding energy in atoms

* This plot represents the (n+1)" ionization potential lines of ion with initial
charge state n as a function of the atom number Z

* The deepest shell electron binding energy increases drastically with Z :

e 7 =2->~10%¢V
e 7=8->~103¢eV
e 7 =255 ~10%¢eV

lonization Potential

=

Initial ion charge state  ion line ~ 0—1+ionline

T. Thuillier, JUAS, Archamps, 7/3/2016 50
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How to lonize an atom

- Electron Impact: an energetic electron collide with an atom (ion) and expells one shell

electron 1
o« em + AT S ACHDF 4 9e- —3 T -
« Threshold energy: the nt" lonization potential I,, fost Q “a
« The electron impact is the most convenient method B = =

used in ion sources. It is developped later

« Photon ionization: a photon with an energy close to the nt" lonization potential I, gives
its energy to the atom and frees one electron

o Ry 4 AnH B gD 4 - -\U
« The photon disappears Iz .;; ;|+
laser | | / ) & }
* The photon ionization process is of interest for specific applications s S ¥ e
like ionizing atoms in a Radioactive lon Beam facility. i -

 In this case, a set of lasers are used to guide an electron from shell
to shell until it is freed.

Figures from JUAS lectures: M. Kowalska

- Surface lonization: an atom is directly ionized by a hot surface

e A+ X->AT+e +X ¥
» Tunnel effect (quantum mechanics), discussed later in the lecture @

+ Very efficient method to ionize Alcaline atoms atom v ion

[

hot metal surface

T. Thuillier, JUAS, Archamps, 7/3/2016 o1
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How to recombine an ion

* Very easily!
* lons are surrounded by an electric field which attracts back electrons

* The main channels for an ion to lose a charge state are:

« Charge exchange: an ion and an atom cross one each other, the ion electric
field sucks up an electron from the atom

e
A™ + B - A(=D+ 4 B+ 4 radiative processes
* Dominant process
A 4 Bt o A(=DF 4 pmED+ 4 padiative processes
Any ion grazing a surface will suck up electron from it
Worst case: any ion touching a surface is immediately neutralized

- Radiative recombination: a slow electron is re-captured by an ion

e T + A 5 AM-D+ 4 by

 This term is usually neglected in ion source field, because electrons are too fast to
recombine

T. Thuillier, JUAS, Archamps, 7/3/2016 52
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Cross-section and other microsopic processes

» Cross-section: & (cm°or barn)

* The cross section c is the effective area which governs the probability of a
specific physical interaction between two particles. Its unit is usually cm?or
barn (1024 cm?)

- Collision rate: nov (Hz or s™)
« The number of collision N,.,; between a single particle with a velocity v and a set of
gaseous atoms targets with a density n during a time t is given by:
* N;o = novt
* o Is the cross section associated to this particular collision
» gvt is the volume swept by the electron during a time t

. . N Poi .
* The collision rate is W = nov in Hertz (s)

 Mean Free Path: 1 = G—ln (cm or m)

« The MFP is the mean distance A covered by a particle between two
interactions with a target of the same type.

« The probability to have an interaction is proportional to the target density n (in cm)

and the cross-section . The probability to have a CPIIision along a distance [ is

P(l) = nol. The MFP is such that P(1) =1. So 1 = —

T. Thuillier, JUAS, Archamps, 7/3/2016 53
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Electron Impact lonization o
Qe //"‘\. HI—HT1I

. 2 / \\ High | |

* lons are produced through a direct S T/ N energy ||

. . g tail B

collision between an atom and a free g \\ 7

energetic electron g ,,ﬁ T

ce” + A > A(n+1)+ +e +e M[ S EEI{:(I:tr;)nlkil:etic Entjargy'Eel ;U

* single impact, most probable R

em” E

e e” + A" 5 AMFD+ 4 2o~ 4 o™ Electron impact >
Single ionization 7 - :
o~10716 ¢m?

1on

« double impact, much less probable

* Kinetic energy threshold E, of the
Impinging electron is the binding energy
I, of the shell electron: E, > I, Electron impact

Double ionization

* Optimum of cross-section for E,~2.7 X I,  5~10-18 cm?

* Higher energy electron can contribute
significantly

Cross sect

[l vovd syved vound - vound vend voud soind o s

Cross section

sovomd voonel voood oonmd v 3ol o vd sved 6

10° 10° 10 10°

Electron kinetic Energy E,

<

Xe plots from F. Wenanders, CAS2012

T. Thuillier, JUAS, Archamps, 7/3/2016 o4
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Subshell Shell

Electron Impact lonization
 Electron impact ionization cross section can be estimated S S e
by the semi-empirical Lotz Formula (valid for E >> P;): T IR
T ] e
° O'q_>q+1~4.5 X 10 i=1 qlE_Pl (Cm ) N “ " +1=03+214
« E incident electron kinetic energy Rl -;:;m:;_%
« Sum on the N atom/ion electrons subshells : (n,| fixed = 1 5 ' ‘f%
£ 10 ta2 g T gfi B
SUbShe”) 3 S e 5,
& e
* g; number of electrons on the subshell i S | H . _
- P; binding energy of electrons on the subshell i: P; = E,, T i
Electron energy [eV]
« Each remaining electron on an ion contributes individually to the Example for Bismuth

global cross section of ionization o414

In (ev) Gmax (sz)

* High charge state production requires hot electrons as P;
increases dramatically for deep subshells

* The higher the charge state, the lower the cross section intensity

T. Thuillier, JUAS, Archamps, 7/3/2016 99
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Electron Impact lonization
. . 2 2 3 ﬂr -Q‘\"-. B
- Example with Nitrogen: 1s22s22p e
. L\
ln(_) '\Lp/
o O'()_>1~4.5 x 10714 Zig=1 qi El}:l —
E E E
~ In(=— In(=—) In(z—
* 0p1~4.5 %10 1 d1s Ellj;s d2s E;:ZS d2p EPZZ;D

'CI1S=2;CI25=2;CI2p=3

* P15, Ps , Py, are tabulated

The first two electrons pair
up in the 1s orbital

The last three elctrons singly occupy the three
2p orbitals. They all have the same spin!

\ /
Mo

1s 2s 2p
f

The second two electrons
pair up in the 2s orbital

https://commons.wikimedia.org/wiki/File:Orbital_diagram_nitrogen.svg

T. Thuillier, JUAS, Archamps, 7/3/2016
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Charge Exchange

» The main process to reduce an ion charge state is through
atom-ion collision

e A" 4+ BY - A(=D+ 4 B+ (+radiative transitions)

* Long distance interaction: the electric field of the ion sucks up an electron from
the atom electron cloud

* Any ion surface grazing signs the death warrant of a high charge lon

» semi-empirical formula :
e o.p(n > n—1)~1.43 x 107 12¢117],7%7° (¢m?2) (A. Miller, 1977)

* [, 1stionization potential in eV, g ion charge state

Example :
Bismuth with O, 1.5x10-15 5.6x1014 1.6x1013 2.2x10-18  2.6x10-13

T. Thuillier, JUAS, Archamps, 7/3/2016 S7
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Electron Impact vs Charge Exchange

LOSSES
* The charge exchange cross
section is always above the

. 1E-17 Xenon
electron impact one...

. 1E-18 ....llllllllllll
* Loss > creation! . -
& . = Cross section for charge exchange reaction
_ é 1204 g Q Cross section for ionization (electron impact)
* How to reduce the net ion loss c 2] B
through charge exchange? 2 e . /
O foog
| | 3 1E-23 = |:||:1|:|l:,,:,I:":“:“:“:“:II:I
* By reducing the pressure in the B 1E24 “o0g,
source to minimize the neutral 8 g g
atom population ",
1E-26
GAIN o
1E-27 m]
« By having a large population of 128
fast electrons to produce more e
ionization! : - & m 40 50
Charge state

T. Thuillier, JUAS, Archamps, 7/3/2016 58
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A simple Charge state balance model

* The ion charge state distribution in an ECRIS can be reproduced with a 0 Dimension model including
a set of balance equations:

1 creation destruction
an I— Jmax n.
i El CE _ CE . El _
= Znenj<o-j—>ive>+ nOni+1<O-i+1—>ivi+1> nOni<O-i—>i—1vi> Znenf<o-i_)jve>
at j=j . j=i+1 Ti
1 min I\ J\ J
| I |
* n; :ion density with charge state i
* n,,V, : electron density, velocity Losses
* o , cross section of microscopic process (ion extraction,

« Electron impact or charge exchange here only Wa” )

f oVef (Ve)dve
J fwe)dve

* 1; is the confinement time of ion in the source

¢ (O'Ue> =

. —:—i" represents the ion losses for species i (to the wall, or extracted current intensity)
* Free Parameters: n,, f(v.), t;
* Model can be used to investigate ion source physics
* Model can be refined using second order effect: radiative recombination, dielectric recombination

T. Thuillier, JUAS, Archamps, 7/3/2016 59
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anode and a cathode at each end) as a function of:
* The pressure P (P=nkT, n gas density)
* The voltage VV between 2 electrodes
* The distance d between 2 electrodes

* a, B constants for one gas \J

. : . A~d
* Why is there a disruption? . No chain

+ Asingle free electron is accelerated by the electric field reaction possible [ "

The Paschen Law d \
 The Paschen Law describes the condition to initiate a
(violent) breakdown in a gas tube (equipped with an \
P

E=V/d
* The distance between 2 collisions with gas molecule is the \ IV =
mean free path A. 10 ln(Pd) + :8

» If the energy gained between 2 collisions is greater than \
the 1stionization potential of the gas, a second electron is s
created via electron impact => avalanche=> breakdown
of a plasma

V (volts)

« Asymptotic behaviour oF
» The higher the pressure (density), the lower A and the '

higher the necessary voltage V to make a disruption (more
atoms to ionize on a shorter distance). The curve 10°

) 10 10° 10’
increases.
_ o I Pd (Torr.cm)
* Atlow pressure, A ~d and no more chain reaction is

possible, the avalanche breakdown is no more possible. Paschen Minimum

A\ decreases
= V mustincrease
To keep disruption

T. Thuillier, JUAS, Archamps, 7/3/2016 60
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Basics of plasma physics - generalities

Plasma is considered as the 4t state of matter

It can be considered as a ionized gas, composed of ions and electrons and possibly of
neutral atoms.

nj

» The degree of ionization of a plasma is a = , N is the density of neutral, and n;, is the ion density

n;iwn
A plasma is always neutral taken as a whole
* nixe+n.x(-e)=0 (n=ion density of single charge state, n,= electron density)

Plasma exists on a wide range of density, pressure and temperatures

* aHot (Thermal) Plasma is such that it approaches a state of local thermodynamic equilibrium where
Ti=Te (Ti ion temperature, Te electron temperature).

« a Cold Plasma is such that the move of ions can be neglected with respect to electrons, so Te>>Ti. A
cold plasma is out of local thermodynamic equilibrium.

Usual laboratory plasmas are created under vacuum and sustained by injecting

electromagnetic power.

* Plasma applied to particle source are mainly cold plasmas, since their goal is
to create low emittance beam, and the lower the ion temperature, the smaller
the beam emittance

T. Thuillier, JUAS, Archamps, 7/3/2016 61
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Basics of plasma physics — Quasi neutrality — Debye Length

 Any local difference between n, and n, gives rise to a huge electromagnetic
force that tends to reduce it, to tend back to neutrality. One talks about
collective behaviour of a plasma.

* If n; # n,, then a local space charge appears: p = e(n; —n,) AE(X)
. . . . . =2\ ﬂ L + 1
A local electric field appears: div(E) = - - ;
 Let’s consider a one dimension slab of plasma with a n; excess ++ .
® d_E _ ﬁ - o ﬂ +
dx_so >E(X)_80X + e-:-:
* The resulting force F,(x) = (ie)sﬁx expells ions and attracts Yy v €
0
nearby electrons, tending eventually to reduce the space charge + t| ion
p=e(m—n,) -0 Fol —>

« So plasma are also locally neutral

* The smallest dimension scale at which the plasma is quasi—neutral is called
the Debye Length

KT,
° /1D~ /Ezeze , k is the Boltzmann constant, n plasma density (cold plasma)

T. Thuillier, JUAS, Archamps, 7/3/2016 62
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Basics of plasma physics — electron and ion mobility

* The mean velocity of a particle in a plasma at temperature T is expressed as:

1, 3.
=5

 For a plasma with T,=T_=T, the electrons are moving faster than ions:

V; m
— = /—e <1
Ve m;

* Electrons are also more sensitive than ions to any electric field E:

dv

_> |2
Fx—ma—qE—>

=Te w1

mi

dv,

* In a cold plasma with T.>>T,, it is assumed that the motion of ions is negligible
with respect to the one of electrons.

« Simplification of theory and calculations
« Case of Many lon Sources

T. Thuillier, JUAS, Archamps, 7/3/2016 63
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The Duo-plasmatron lon source

* The duo-plasmatron is a 1+ ion source able to produce beam from any gas

* Agasisinjected at~0.1-1 mbar in the plasma chamber

* A hot cathode is emitting thermionic electrons which are accelerated two times

toward the anode located right at the extraction of the source

+ The second place of electron acceleration coincides with a magnetic
compression induced by the solenoid iron yoke

* In this area, the pressure is optimum to breakdown
a 1+ ion plasma which drifts naturally toward the extraction hole

* The Duoplasmatron produces up to 300 mA of H+ beam in pulsed mode (1 Hz -

20-100 ps) at CERN

* Gas lonization Efficiency <1%

« PRO:

* Very High current, short pulses

Small source
e CONS:

» Fast Cathode aging by ion sputtering in CW

Coil

Cathode

» Delicate Cathode formation, requires a specific know-how

Extracted from, P. Sortais, JUAS 2006

Magnetic
flux lines

/

Gas Feed

Anode

Flaama Chamber

Folatsed
Cylimke

Mo Anade

100V

Cathode fall ~ |

Extractor

/
N

Potential
/ hill

.
~————____ Potential
. steps of DLs

T. Thuillier, JUAS, Archamps, 7/3/2016
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f | . ‘:'/l\-
| 'I!-'_'I -
| ' ’
, e
1

GENEPI Duoplasmatron (LPSC) 2=z = -

« High intensity pulsed ion beams are
produced with a very low space charge
compensation in the accelerator

[monooooon

» A short pre-acceleration is mandatory to
prevent the beam to blow up before reaching

the area of experiment or the next accelerator 1 T T e Accélération
vz ~80kv V4 .' i
Stage Source d'ions pulsée i :; 4?5 S T::thT = 240 kv
T ‘

 Example of the GENEPI accelerator where 1%13%%\4'—‘—?:7; |
the source is set on high voltage platform at \
180 kV
. B
 The ion source is set at +60 kV with respect | | L v~ | MJF+
to the platform ol '- __;\R
- Electrostatic lenses focused and accelerate - {éj o o rj{ ey —
the beam toward the acceleration tube e K ML,‘ @
- céble B T T T T T %
Mm/m lII “ o - -40kv -BLkv -120kv -16|0kv -2o|n|~ ~240kv
TN C— - —
"""’“’/rm +240kv  +160kv +200kv +160kv  +120kv  +80kv  +40kv 0

T. Thuillier, JUAS, Archamps, 7/3/2016 65
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Motion of a charged particle in a constant magnetic field

 The Individual motion of a charged particle in a magnetic field is
ruled by:

—

dv - =g
m—=qU XB
dt

» Velocity is decomposed as ¥ = ¥, + ¥, with ¥, .B =0 and ¥, Il B

—

- We define the space vectors ¢, = % , €11 = Z—i andée,, =&, X €,
 General solution for the velocity is: €12} 7
V| = cons L asiibe Shpesl |
.{ﬁ=pw(sinwt.§l1+coswt.§l2) B E’(/ w " .
°[a) - % is the cyclotronic frequency ] L;; yo o
* p is the Larmor radius (constant)
* The particle trajectory is an helix with radius p and pitch p = 2’;””

T. Thuillier, JUAS, Archamps, 7/3/2016 66
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Motion of a particle in a non-uniform magnetic field

* |f the spacial variation of B is much larger than the larmor radius

(ﬁ > p), then the particle follows the curved field line:
B
Magnetic field line

Charged particle trajectory
wrapped around The field line

* |f |V—f§‘~p , then a slow drift of the particle with respect to the actual
B

field line occurs

Particle Trajectory
With a drift due to

Magnetic Field line Atoo small VB/B

In a Tokamak

http://www-fusion-magnetique.cea.fr

T. Thuillier, JUAS, Archamps, 7/3/2016 67
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. . : > o dv
Motion of particlesina E + B Field m=-=qE+qvxB
» Motion of a charged particle with E||B

- v increases linearly with time AVAVAVAVAV/\\//F B

 Helical trajectory with an increasing
thread pitch

v

- Motion of a charged particle with E L P

- :
- Cycloidal trajectory . (
* No Mean acceleration due to E ! B /

« Drift velocity : v, = EBXB

T. Thuillier, JUAS, Archamps, 7/3/2016 68
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The Magnetic Mirror Effect

* When a charged particle propagates
along z toward a higher magnetic field
region, it may be reflected back

1 1
® Tkin = VV" + WJ_ = Emvuz +Emvl2 =

const

w .
= Bl ~const (magnetic moment)

e Thin(2) = %mvnz(z) + uB(z) = const

 When B increases, then the velocity is
adiabatically transferred from v to v,

* The particle is stopped at z = z;

where(v, = 0) and B(z,) = T’;""

1
* Txin(z1) = Emvlz

* The particule is forced to go backward

Solar wind B
reflection by the
Earth
magnetosphere

A particle can be reflected
By a high magnetic field
intensity

AA UL ey
I e

Axial magnetic mirror done with a set of 2 coils

T. Thuillier, JUAS, Archamps, 7/3/2016
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Vector Fields ﬁ

. . . ] U-shaped ferrite
Radial magnetic mirror \ .7 "
\ n \y , Magnet N-S
* An axial magnetic mirror is done with a 2
set of solenoids o RS .
- See former slide R S
. ] . Trajectories of e .in a CUSP magnetic structure
P A radlal Conflnement Can be aChIeVed (CERN), Rev. Sci. Instrum. 81, 02A723 (2010))
with a so-called « multipole structure » |B.I1 \I\/Avlijtlrt:?wolg
A set of radial magnets are placed along a hexapole ~ /
circular path with an alternated direction of
magnetization 3

* The magnetic intensity in the center is zero

* The magnetic intensity increases with the
radius and is maximum near to the magnets

* The lower the multipole order, the higher the
magnetic field at an intermediate radius

Radial Mirror

(Permanent magnet hexapole)

T. Thuillier, JUAS, Archamps, 7/3/2016 70
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« An upgraded Niel-Bernas filament lon Source st Thermionic

T o Emission of e
* Used in industrial implanters to produce
intense 1+ ion beams up to ~40 mA

 The ion source contains two cathodes:
» Afirst classical thermionic cathode

* Asecond massive indirectly heated thermionic
cathode which protects the first one from the

" 'N.-B. SOURCE

intense ion sputtering from the plasma Indirectly s
* Filament lifetime 200-800h, depending on gei\:]etjj , =
condition of operation athode
. P ) Hea:;[eg (+V-100 V) lon beam (+V)
« The anode is the source body itself Cathode 1 A by

(+V-200 V)

[ e

N

11

» A uniform magnetic field B forces the electrons to 1

spiral along the ion source length

* An electron repeller located at the other end is
added to produce an electrostatic electron

AR

confinement 5
: : .
« Secondary electrons created by an electron impact in @
the plasma are created at a potential lower than the 208 ?
W////A%Wﬁr’ﬂﬂ%f/li/é
repeller one
=> electrons reflected back to the plasma Gas

« Extraction through a slit (1mm x20~40 mm) _@m & injection

* Pressure in the source ~10-3-10-° mbar

ot 218 Electron
* lonization efficiency ~1% ,_)@ . Repeller
2nd Thermionic epelie
212 - (+V-100 V)
Emission of e-
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(introduction to) the Electron Cyclotron Resonance (ECR)

* When a particle is baking in a magnetic field B and a transverse time varying electric field E(t) , a
resonant transfer of energy from the electric field to the particle can occur, provided the particule
cyclotronic frequency equals the electric field frequency

- Electron
B trajectory
B - BZ) —
B ()
qB .
C W= cyclotronic frequency o
« E(t) = E cos(wypt) ¥ it))

» ECR resonance condition:
w — W = eB
HF m

» Since the electric field turns at the same velocity as the particle (an electron here), the particule sees
a constant electric field in its own framework => constant acceleration

» The particle describes a spiral and gains transverse energy:
° 'l_} = 'l_}” + 1_7)J_

« Uy =constand v; = p(t)w

* That’s a very convenient way to accelerate electrons! PS: the ECR heating mechanism

is More complicated than
Presented.
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ECR Heating in a Magnetic Gradient

* In ECR lon Sources, the ECR zone is usually redtéged to a surface,

iInside a volume, where B is such that wyr = w = —

« When electrons pass through the ECR surface they are slightly accelerated
(in mean) and may gain a few eV of kinetic energy

 The parallel velocity v, is unchanged, while v, increases
* The ECR zone thickness is correlated to the local magnetic field slope

ECR

B(z) Heating
zone

(OO0
AN

o
L

1 1 !
Emvuz + Emvlz |:> Emvuz +tom, + 6v,)?
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1+ Electron Cyclotron Resonance lon Source

Known as « microwave source »

« SILHI source with permanent magnets (CEA/IRFU) ECR ZONE ﬁ
 Suitable for any gas é .
 RF frequency: 2.45 GHz (A~12 ¢m) i =/

* The plasma chamber is filled with a flat axial
magnetic field generated by permanent magnets

» A single ECR surface is located in the chamber

« ECR located at the maximum of RF electric field, near to the
RF input.

* Asecond resonance is located out of the chamber in the
extraction system (when the magnetic field decreases)

* The plasma electrons are heated when passing through the
ECR zone to ~10-20 eV which allows creating 1+ ions

« Secondary electron emission from the chamber wall helps
keeping the ion production balance to equilibrium

* The source can produce ~100 mA of H+
* 80% of proton fraction H", 20% of H," and H,"
» High voltage extraction : 40-100 kV
« Main advantage of ECR lon source: NO FILAMENT! = __
- The source can stay for long term operation without any e eI < " 0.02}

maintenance > ¢ 0.0

Z (mm)
Axial magnetic field on axis
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lonization of atoms on surfaces

* A metal with a High Work Function can steal an electron to an

adsorbed atom through Tunnel Effect

 The ion production efficiency is given
~1
by the SAHA relation: Z—Jr = C+eq;c_T, provided ¢ > |

0

atom

A—»A*

Tunnel
effect

* | First lonisation Potential of adsorbed atom @"'
* @ metal work function S, #T0

* T metal temperature

hot metal surface

Works with High ¢ metals and low | atoms
* Metals used : W-Ox, Ir, Pt, C, Re , W
 Atoms ionized : Alkalines, Alkaline earths

* High Temperature helps to desorb atoms
* Very efficient method, very selective technique

lonisation Efficiency (%)

IR R R B e A

T Ty v e

4.0 5.0 6.0
lonisation energy (eV)
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1+ Surface lonization Source

» An alkaline metal (or alkaline earth) is heated in
an oven

» Atoms evaporates toward a heated ionizer tube
made up with a high work function metal

 Atoms are adsorbed to the wall

« Atom desorbs at high Temperature with one e
stolen by the metal => ionization

1+ beam

Heated
C tube
IONIZER

Heated
Oven
Tungsten

lkaline metal
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Negative lons- Electron Affinity

e What is

a Negative lon?

» Atoms with unclosed shells can accept an extra electron and form a
stable ion with a net charge of -e

» The stability is quantified by the Electron Affinity, the minimum
energy required to remove the extra electron.

» The electron affinities are substantially smaller than the ionization
energies, covering the range between 0.08 eV for Tiand 3.6 eV for

Cl.

 Negative ions are very fraqile!

* (M)any Collision can break the binding (see next slides).

- 3.6 eV forCl
0.75eV forH l
0.08 eV for Ti - .-.- .

Periodic table of electronic affinity in kJ/mol, actinids not represented

Negative ION Materials from M. Stockli,
ORNL, J. Arianer, IPNO,H. Koivisto, JYFL

T. Thuillier, JUAS, Archamps, 7/3/2016
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How to create a negative ion? (1/2)

» The creation of negative ions is exothermic. Excess energy should be dumped to a third
particle. Negative ions can be produced on surfaces and in a plasma (« volume
ionization »).

* Volume ionization: 0, +e />0 +0
* Dissociative attachement: | |

* the excess of energy is transferred to a third particle when
dissociating a molecule

* AB+ e~ - A” 4+ B (rare event)

o 10 %m’ —

* 3 body collision: o e
*A+B+e” - A" + B (rare event) ;
- Example of H™ production which requires 2 steps: /ev

« Step 1: H, excitation by electron impact ® f%.
* e (fast)+ H, > Hy+e~, "¢ - v 2

(v=molecule high vibrational state) H,(v=0) H,(v>0)
» Step 2: Dissociative attachement eoii(fo) eH
cHY+e  >H +H e §<.
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How to create a negative ion”? (2/2)

« Surface production:

* As seen in the Electron source part, Metals host an abundance of loosely bound electrons (conduction
electrons) but it takes about 4.5 to 6 eV to remove an electron from the surface.

» Alkaline metals have lower work functions (2-3 eV). When adsorbed on a metal surface as a partial
monolayer, alkaline atoms can lower the surface work function (®) to values even below their bulk work
function, e.g. ~1.6 eV for Cs on Mo.

» Electrons from metal can be captured by atoms stuck on surface metal | vacuum
(adatoms) through tunnel effect, provided A > ¢ ,

» Surface ionization works efficiently with Halogens and Chalcogens
N- _ A9
* Langmuir-Saha Formula: - = C err A—wA"

| -

AN

Adatom

« High kT helps to desorb A

100 F ¢l Mof W UF,

Te SURFACE DE LaB, (2.36eV)
1373K

lonisation Efficiency (%)
[r

20 3.0 4.0 5.0

L A ¥ ¢
| W
lonisation energy (eV) 100007, Ti11074077%

Surface
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How to lose a negative ion? _
‘:§4o A
* Very very easily! £ % //\/ \V/K
. C ' 20
A+te —A+2e 3" H+e=H+2e
7] T T T T
e 0 5 10 15 20 25
« Mutual neutralisation (Recombination) © Electron energy [eV]
A +H+—->A+H
« Collisional Detachment: 4 )
A +B—->A+B+e = 600 \ Associative detachment:
§ \ H+H =H,(v) +e
» Associative Detachment: & 100 T~
A +B—->AB+e = Mutual neutralization: ~ ——
. S o™+ H = H + H*
 Negative ions are totally destroyed a few § 200 S~
cm a¥gay fr30m their place of birth in a 4 Electron impact: €+ H =2e+H
n~10"3 cm plasma S 0 ——— .
* Negative ions must be extracted close 0 10 20 30
to their place of birth \_ Particle energy [eV] )
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Volume production of H

« “Hot” electrons are reflected back by a filter B-field.
» Cold electrons are highly collisional and are not magnetically confined

H
formation

Primary ionization

System to heat
Electrons
To ~30 eV

ion

e(slow) + H,(v") -
Hy > H+H-

Filter B-
e(fast)+ H,(v"'=0)> H, +e —» Hm
\ /
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Radio-Frequency Negative lon Source

Trajectories of e~ in a CUSP magnetic structure

° Example Of the ORNL H_ |On Source (CERN), Rev. Sci. Instrum. 81, 02A723 (2010))
« A multicusp magnetic structure provides a radial . * [ i
plasma confinement | YA s
. . * . agnet IN-
* H, gas is injected on the rear part &
* A pulsed RF antenna under vacuum generates | ,
the plasma (see next slide) and ionizes hydrogen Ny ” g Masoer SN

to produce H*, H,v,e

» Two filter magnets (SmCo 200 Gauss) repel hot - ~
electrons generated by the RF. (e.g. a 35 eV Dumping RFQ entrance flange

1 UM _.Z . . - N | P —
- a0 - v ) & L]

electron turns around on a 1 mm radius). g:nz,?\ets Cesium™2gnets FAUMD | ons 4 Lens 2
« ACscollaris present near to the source - Seam— 'l 1 '
extraction to boost H production (by ~200%)
» Source is pulsed with 6% Duty Cycle to produce )2 AN 108
50 mAofH =——-W -
» Advantage: no filament! But the use of Cs collar ic,;,?:t L.  /
is tricky and maintenance is required every 6
weeks RF antenna  Filter
magnets Outlet Extractor
\_ electrode Ground electrode )
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Radio-Frequency Negative lon Source — Plasma Generation

- The plasma is inductively driven by a RF 'R
antenna making 3 turns around the plasma % 5| |k
» The axial time varying magnetic field B(t)
generated by the antenna induces a circular V-E==—
electric field in the plasma. This electric field -0
accelerate electrons up to ~30 eV. V-B=0 ;
- A multicusp magnetic field confines the U xE— —(')?—B 7 y
plasma towards the center ot
A CW low power plasma is maintained by a V xB=pugd+ ﬂgEg%E
13 MHz amplifier (~300 W) Cusp

* The "Main” plasma is pulsed by a 2 MHz
amplifier (50-60 kW), with a pulse length
1 ms @ 60 Hz

Constant field
strength contours
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RF Negative lon Source — Cesiation System and Beam Extraction

SO
Cs injection collar
Converter surface

~

» Cesium system:

* The Cs flux is controlled by an external oven

« Cs manipulation is tricky (pyrophoric,
unuasable once oxydised)

« Gain of H current:
10 mA (no Cs) -> 50 mA (Cs)

» H extraction /
« A dumping magnet is located in the

extraction area _to deviate the co-extracted
electrons off-axis

» The co-extracted electron beam is dumped
on the intermediate electrodes

 The source is tilted to have the H™ on the
accelerator axis

Electron deviation in the Extraction gap

T. Thuillier, JUAS, Archamps, 7/3/2016 84
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Filament driven Triumf H- ion source: Volume production

K. Jayamanna, M. McDonald, D.H. Yuan,
P.W. Schmor, EPAC (1990) 647
* The TRIUMF H- source was developed T T ey e

~1990 to inject H- into the TRIUMF — %7

hiﬁ‘:/s LEN. P/S = ARC P/S N/
Cyclotron A‘—E_Lj :Ul:—‘.}l:“_JTLl:M .
. . . . —«{ Rx/Tx =" ,.of/oicj FESE‘?ST?:K| |]_} it
 Afilament driven plasma is confined by a ’ — == ) %\% -
. . W— —] - [_F:L_.e., P/S l-j_ FIL. /S F_u E _
multicusp field | =k J !
: L l EXTRACTION SYSTEM

* Filter field generated by two inverted cusp
magnets near the outlet.

* Licensed to and sold by D- PACE at
www.d-pace.com

Beam current: 15 mA continuous

lon energy: 20-30 kV

Efficiency: 3 mA/KW

Filament lifetime: 2 weeks at peak current

Cesium free

Courtesy of M. Dehnel,
D-PACE
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Negative Metallic lon Source  (sample x )

Y2 X beam
: T 2
* Inversed Middleton Source 0 SpUtte1r/2 o |
s*beam

» A Surface lonization Source produces Cs* beam around from Ir ionizer
the extraction aperture of the source

Cs* lons are accelerated toward a metallic sample holder
set to a negative voltage

The Cs induces sputtering AND reduces the work
function of the metal target

Negative Metal lons are produced (helped with high kT)
Rotation of Sample to sputter to increase beam time

IONIZER
HOUSING
SAMPLE HOLDER
(30-SAMPLES)
- : =

coouNG \ | * Negative Metal lons are produced
e ] " ; (helped with high kT)

o « Automatic Rotation of Sample to
sputter to increase the beam time

SLIDE UNIT ~
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Negative lon Source Applications for TANDEM

° TAN D E M ACCG I e ratO r http://www.werc.or.jp/english/reseadeve/activities/accelerator/accelerator/tandem/index.htm
* The negative ion beam is accelerated up to the tandem center set at at high positive
voltage

* The negative ions are then stripped in a target transforming them into positive ions
« The ions undergo a new acceleration toward the tandem exit.
Equipment to produce ng%ative ions

It outputs negative ions at ene of
amuri':lﬁ 100 tg 200 kev. "oy

Pressure tank Stripper To the beam T

== It is filled with insulating gas It transforms negative ions  [.p w05 22
ve lons, UTHIZING Ccourse|

| .| (SF6) to prevent discharge into positi |
® | from the high-voltage terminal.

' hHIIIIII [T1 ||er_'ﬁl'l'1'l'l'|'l'l'r_l'l'l'!'l'{_i
0 o o0 o -T e o
| [T

Analytical Analytical
electromagnet \ electromagnet
Accelerating
tube

A"
High-valtage terminal

Positive woltage of several megavolts is applied
to the high-voltage terminal.

= 1r rrmem i e pmenes e e emmnaem me s Rl S
Firally, IMSyduvie [Uils aire urdvel 1, diid ey die
converted into positive ions in t!"!E terminal

which are shot by high terminal voltage.
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Negative lon Application for TOKAMAK

* ITER: Neutral beam injection:
» Heating power requirement > 50 MW
* Neutral Beam Injection = 33 MW
* lon Cyclotron Heating = 20 MW, ECR Heating = 20 MW

« AD beam is produced and accelerated; it is then neutralized before
being injected into the plasma

Radio Frequency Heating

T Ohmic Heating
Wgg Neutral Beam Injection

T. Thuillier, JUAS, Archamps, 7/3/2016
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D~ lon source for ITER

Al, O; ceramic filter field

 Beam Requirement: vatercooled
40A(D)@1MevV T

D™ is used because
of its much higher
neutralisation
efficiency at 1 MeV

R b GEEE TP > <-->
_ . Driver Expansion Extraction
* The D~ beam s Region  Region

Neutralization Efficiency

0.0

Beam
Transport

n e u tra I i Ze d b efo re Geﬁ‘;?;'l‘ion Neuﬁ'z:rsna!ion
its injection in the
Tokamak

Acceleration Plasma

Grids

High Speed
Vacuum Pump

lon Bending
lon Dump Magnet

Magnet Coil

Vacuum Vessel

; 0Syr'.;tems based on positive ions  negative ions
0.8}
0.6

04}

0.2}

H* Dt

10 100 1000

Energy / (keV/amu)

ITER source 1.9 x 0.9 m?

Material from CAS2012: W. Kraus

T. Thuillier, JUAS, Archamps, 7/3/2016
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| aser lon Source

A very strong power laser pulse evaporates solid matter "t
and generates a medium to high charge state hot plasma S

Very High density plasma
Complicated plasma physics behind
High charge state ions created
High currents
But Very Hot ions (KeV to MeV)
« Complicated extraction and acceleration process
Complicated laser
Pulsed beams (~1 Hz)

T All cowpanecis inide
Laser beam : this boundary are on HV

""l- * 13
H
: COBALT ;10 wicm

Specifications :
CO,-N,-He laser 100J-10"3W.cm
pulses of 50ns at 1Hz

1.4 1019 Pb25* per pulse

T. Thuillier, JUAS, Archamps, 7/3/2016
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Electron Beam lon Source (EBIS) — —

bL am
radial potential

* Electron beam issued from a thermionic
gun (V up to 200 kV, 1 A) « heavy ions

* injected as a Birillouin flow on the axis of a axial potential light ions
Iong _S_OlenOld’ to get very hlgh qur_ent Zschornack, CAS2012 lectures
densities. Close to the collector, it is generally
slowed down to save power.

. . . . . feed hield lenoid ift tu
- Stepwise ionization by e- impact. A S it e
» The charge exchange is avoided owing to a ot \\\\\\\x\@\\\\\\\x\;‘%}\ collector
pulsed neutral injection. st : ! —

* lon confinement 90 222N

« due to the combination of the radial space
charge e potential well and a longitudinal
voltage distribution applied on a series of

ion beam

S,

g, ' i - OO K OO RNSN deNel] ¢ <0 " Geom
 The source is cyclic (pulsed operation) . SRR
« 3 phases : neutral injection, containment and U/ ‘/qote .
/ m

expulsion ir_trap
 obtained by programming the tube potentials. 3t t |

The source output is then limited. The

variation of the containment time allows to 0 |

adjust the CSD. / P R

« Low Pressure requirement: P< 10-° mbar
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EBIS Performance

* Production of Very High Charge state

* The lons charge state distribution increase

with the “cooking time”

« Charge state distribution is narrow
 Ultra high charge state achievable

* Limited pulse repetition rate

* Long Cooking time (10-100 ms)
 Suitable for LINAC & synchrotrons

* Limited beam intensity
« Max. space charge in the trap:

. 11 1L
Q <336 x 10" —

I, E electron beam intensity, energy

L trap length
* (9 max ion charge trapped

Ni[
No

05

i

6 A

ARGON 10keV

Jxt

time

1 | 1 | L | -
102 107 3107 1 3 10 30 102 3102 Jt (C-cm2)

8L SL 2L & 9 €
I‘
|
|

Fully stripped Argon!

T. Thuillier, JUAS, Archamps, 7/3/2016
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The REX-EBIS setup

- REX-EBIS specifications (CERN)
« LaB6 cathode (thermal electron gun)
e jcathode<20A/cm2
* je=jtrap<200A/cm2
* [e=460mA (normal operation 200mA)
« E=3.5-6keV
o 3 drift tubes L=200 to 800 mm

» Theoretical capacity 5-10'° positive
charges

« Ultra-high vacuum 10-10-10-"" mbar

selected
qions
tolinac M=

The charge state is selected with a mass
separator of Nier-Spectrometer type

Performances: F. Wenander et al.,
Rev. Sci. Instrum. 77, 03B104 (2006)
ICIS 05 Proceedings

T. Thuillier, JUAS, Archamps, 7/3/2016
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High Intensity EBIS at RHIC

5

i)

L
-

c 1.7mA-10pus-5Hz

LSRN

—

_Tgm\ | i

I 1 1 | ]

e
Narrow charge state distribution for Th beam & e

6-00 25.00
E 5/ Tesla Superconducting solenoid _ E [ Electron collector
e _ | gate valve '
T 20.00 Drift tubes- 1=
Electron \ 4 . "Electron
| — Bl 4:00 m '.‘ \c__ollector
1 15.00 -
——R_beam \ —_
2 00 E
04 E
£ M
J \ 1 10.00E H
200 [T T e ! =
2700 .QI L B L% H -,
/'\ -\J o Pl 3
g N +.08 A 1 5.00 A 7 |
K _ I‘| I\
e 0-00 — 0.00
-2500.0 -2000.0 -1500.0 -1000.0 -500.0 0.0 500.0 1000.0 1500.0 2000.0 2500.0

= = = —¢ Z (mm)
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Electron Cyclotron Resonance lon Source

« ECR ion sources features a sophisticated magnetic field structure to optimize
charged particle trapping

« Superimposition of axial coils and hexapole coils
« The ECR surface (place where |B|=Bg.R )is closed | B.»l
« ECR surface =place where the electrons are heated by a microwave

juas 1-PSCE

LLL] Grensb.e

Axial Mirror

BECR

40000.0 ] r | B | (xlz)

35000.0

30000.0

i
iy
25000.0 ," |l|““‘|“ |

it ““ ||“| AT
L
\ ‘:‘ﬂ‘ ;9'}

I
i

ll‘“ o
il

20000.0

15000.0

_ By

10000.0

5000.0

. Source RIKEN, Nakagawa
|so B lines
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ECR Plasma build up Atoms vacuum

>

« Pumping & Gas Injection to reach P~10-¢ to 10-" mbar
In the source RF

* Microwave injection from a waveguide \_~ o \\
 Plasma breakdown 'A

1 single electron is heated by a passage through the ECR zone

* The electron bounces thousands of time in the trap and kT, increases ...

350000

 When kTe>l,*, afirst ion is created and a new electron is available

 Fast Amplification of electron and ion population (~100 us) aon
« =>plasma breakdown

» Multicharged ion build up

* When Te is established (kT,~1-5 keV), multicharged ions are continuously produced and
trapped in the magnetic bottle

* lons remain cold in an ECR: kT;~1/40 eV, (m_,<<m),)

* Population of the loss cone through particle diffusion (coulombian interaction)=>
constant change in the particle trajectory=> random redistribution of v =y, +
U,

« => jon extraction through the magnetic loss cone on the side of the source
presenting the minimum magnetic field intensity

A

|| | Extraction |

T. Thuillier, JUAS, Archamps, 7/3/2016 96
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Example of ECR4 (GANIL)

Coils Iron core )
» Microwave: f=14.5 GHz-1.5 kW (Bgcz=0.64 T) trisulato FL 7
« Coaxial RF coupling from a cube located \ UHE feed
outside the source, equipped with a movable HRTE L i
rod (not shown) able to adapt RF impedance to | pexapole =
the ECR cavity. L[[
: : . Extraction ' I : | , gas
* Axial Mirror: 1.04 T—-0.35T-0.8T T feed
* Hexapole: 1 T FeNdB magnets |
 Typical lon Beam: ~650 yA Ar8* CW L
 Chamber volume @64 mmxL200 mm)V~0.5 liter Plasma T
chamber pump
« Can produce any gas and many condensable
beams ) .
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VENUS ECR lon Source (LBNL)

e f=18+28 GHz - (2+6) kW ) Note the focusing
“ErT Solenoid right at the
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Example of Today ECR performance
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Source: G.Machicoane, MSU/NSCL,ICIS’11,

modified
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Oven technique
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Metallic vapors (from an oven)
Injected in an oxygen plasma
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ECR Pulse Mode operation for Synchrotrons

* When the RF is pulsed, ECRIS can be tuned to produce a
high intensity peak with a duration §t~50 — 400 us, suitable for
multi-turn Synchrotron injection

* LHC Lead beams are produced in Afterglow mode (GTS ECR) rr

Afterglow !
_4? Peak (50-500 ps)
2 <« Strong dependance
ﬁ on source tuning
£
£ RF PULSE
o}
o . ;
: !/
o ! !
Cooking : A £ : Plat
time» i Rf_‘g‘gmts‘me i Arbitraty durat
1-5ms ! | Otooo 1+
1 1 . 0
R T D R CTTET FEPPRPFRPPSPPPRRPE
:
BOO 4 - - b e R e g
30 ...................................
500 pA Pb?** with the A /\
PHOENIX source : SVAVAVA
55 65 75 85 95 105
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140 T T T 0
120 oL erieeolansnpund oo oo Ragangimd o oneoi $....d 120
: L
100 g ey b wq 100°
{ ./
gol.. ] 80
60| w] 60
r -
40: - ’ 40
20} - ; : i 20
, ]
20 b Ll L —1.20
0 50 100/150 200 250 300 350 400 450 500
/ t (ms)
Pb%8* pulses (ECR4 GANIL)

T. Thuillier, JUAS, Archamps, 7/3/2016

100



JUAS — PARTICULE SOURCES — ION SOURCES —MULTICHARGED ION SOURCE juas P

eeeeeeee

Condensable lon Beam production in ECR lon Sources

Oven technique

* The high plasma density of ECR ion Sources features a
short mean free path for 1st ionization of atoms:
Aos1+4~1—10cm N

 On flight ionization of condensable or refractory atom can
be performed by severa techniques in ECRIS

* Oven technique: An miniature oven is inserted in front of the ECR
plasma and heated up to the temperature at which a condensable
atom evaporates under vacuum

Sputtering technique

« Sputtering technique: when the evaporation temperature is 6
unreachable, a sample of condensable is introduced inside the

plasma which sputters the material. The sample can be biased to

negative voltage to increase sputtering yield. Hot Wall liner

« MIVOC technique (Metal lons from VOlatile Compounds):
condensable atoms are chemically inserted in an organic molecule
that is gaseous under vacuum. The gas diffuses to the plasma.

» Wall heating: It is complementary of oven or sputtering technique.
A refractory cylindrical metallic liner (Mo, Ta, W) is placed around
the plasma chamber with a weak thermal interaction with the water
cooled wall. The liner temperature increases due to RF and plasma MIVOC l_|:

heating. The sticking time of condensable is reduced, which allows
wall recycling and improve the global ionization efficiency.

Plasna

Lanzhou, IMP, china
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