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INFN A simple sketch of an lon Source

A plasma or discharge chamber A hole to let the ions outl

Material input

Power to create a plasma / discharge

An extraction system



Demanding requests in terms of intensity/charge states
INFN need increasing complexity in physics and technology
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The role of the magnetic
field (hence, of the
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crucial in the most
performing devices
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INFIN Several lon Sources: “Unicuique Suum

Mid/Low Intensity — Multiply Charged

E.g.: up to several hundreds of LA of Xe3** nA of U°%*
Request of 1 mA of U?%*, or 0.5 mA of U*>*

Applications

* Fundamental Science: RIBs Facilities
Atomic Physics (extremely high
charge states), Nuclear/Nuclear
Astrophysics in Plasmas,
Hadrontherapy via C-beams

Accelerators types
e Circular: Injectors for Cyclotrons,
Synchrotrons, Colliders Linear: LINACS

”

High Intensity — Singly Charged (p, H-, He)

Most used lon Sources

* ECRIS: Electron Cyclotron Resonance lon
Sources

* EBIS: Electron Beam lon Sources

e EBIT: Electron Beam lon Trap

E.g.: up to several hundreds of mA of
protons; multi-A of H-

Applications
» Applied and Industrial Research:
- Spallation Sources
- ADS — Accelerator Driven Systems
- Nuclear Fusion Reactors (for NIB —
Neutral Beam Injection)
Accelerators types
* Especially Linear: for ADS, SS
* Electrostatic (up to 1 MeV): for Neutral
Beam Injection

Most used lon Sources

* Volume lon Sources for H

 MDIS: Microwave Discharge lon
Sources (for proton beams)




Big Facilities over the world require
intense beams of multiply charge ions

INFN
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Main goal: investigation on origin of the mass (Higgs Boson), evidence of supersymmetry,
dark matter and dark energy, matter vs. antimatter, quark-gluon plasma interaction

5



Big Facilities over the world require
INFN J T

intense beams of multiply charge ions
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Big Facilities over the world require
INFN J T

intense beams of multiply charge ions



Big Facilities over the world require
INFN J T

intense beams of multiply charge ions

5 mA Deuteron source

PHOENIX ECR ION SOURCE




Big Facilities over the world require
intense beams of multiply charge ions

SN FAR:-

G5l Helmboltzzeatrum 10r Sobwernaneadorsohing

Rare isotope physics:
1emA U2

Antiproton physics:
100 emA H*
Accelerator chain:

new proton linac (70 MeV, 70 mA),
SIS18 and SIS 100

Main goal: physics of exotic nuclei, hadronic physics with proton and antiproton collisions,
study of relativistic heavy ion reactions (a few tens of AGeV), plasma and atomic physics
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Big Facilities over the world require
INFN J T

intense beams of multiply charge ions
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Big Facilities over the world require
intense beams of multiply charge ions
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Accelerate ion species
up to 238U with energies
of no less than 200
MeV/u

= Provide beam power up
to 400kW

= Energy upgrade to 400
MeV/u for 238U by filling
vacant slots with 12 SRF
cryomodules

= Provisions for ISOL
- upgrade



*Fully superconducting, Niobium-Titanium

*LN Reservoir: 70K, dissipates heat from NC leads
*He Reservoir: 4.2K

*Four two stage GM cryocoolers: 6W@4.2K

Maximum Injection Field, on axis 4.0T
Maximum Extraction Field, on axis 3.0T
Maximum Radial Field, at wall 22T
Chamber Diameter l14cm
Chamber Length 48cm
18 GHz Maximum Power 2kW

28 GHz Maximum Power 10kW

Big Facilities over the world require
intense beams of multiply charge ions
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INFN

= 238 Intensity

Big Facilities over the world require
intense beams of multiply charge ions
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with VENUS

= Up to 83 kW Coupled to the
VENUS ECR ion source

* 28 GHz from gyrotron: 6.5 kW injected out
of 10kW

*« 18 GHz from Klystron: 1.8kW (Maximum
available)
= Total extracted current exceeded 9
emA for a transmission of 55%

= High intensity production was
maintained for about 10 hours.

= New record beam intensity obtained
with VENUS exceeds for U33+ the
intensity needed to reach 400kW on
target by accelerating only one
chare state

- Beam emittance 95% within FRIB
ECR P
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requirement (0.9pi.mm.mrad)



Big Facilities over the world require
INFN J T

intense beams of multiply charge ions

X

RIKEN Rl Beam Factory (RIBF)

Completed in 2007 e we SCRIT
New-Generation RI-beam facility ‘i 2013 Nfu g Iil L HA
| |
AACH . SLOWRI P NIOFNING
SAMURAI 0.525emA U3

2012

=RG: World Largest Cyclotron (K=2500 MeV)

Heavy lon Beams up to 228U at 345MeV/u (Light lons up to 440MeViu)

eq. Increasing Year by Year!

“Ca beam (345 MeV/nucleon) ~200pnA (250pnA max.) *Ca:~500pnA 2014

238) beam (345 MeVinucleon) ~12pnA (15pnAmax.) #38U: ~ 30 pnA 2015
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Big Facilities over the world require
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intense beams of multiply charge ions




Big Facilities over the world require
INFN J T

intense beams of multiply charge ions
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Big Facilities over the world require

intense beams of multiply charge ions
| s Very simple source

with just a few
parameters to set,
important for
installation in
hospital
environment.

« Currents limited by the limited power sustainable
and from the rigid magnetic field structure.

« Lack of space in extraction to further optimize the
extraction system
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Big Facilities over the world require
intense beams of multiply charge ions




High power proton accelerator for
Spallation

Key parameters:

-2.86 ms pulses

-2 GeV

-62.5 mA

-14 Hz

-Protons (H+)

-Low losses

-Low heat loss cryostats for minimum
energy consumption

-Flexible design for future upgrades

Design Parameters:

High Average Beam Power 5 MW
High Peak Beam Power 125 MW
High Availability > 95%
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INEN Prototyping the ESS accelerator
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INEN International collaboration

M7 nations committed &

Cash contributions In-king
from Sweden, Denmark  from
and Norway 14 nath
20% of construction and
Eul;-auf-_:ggmnw_'_. N
~ Construction cost: 1842
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Boosting neutron science for
INFN fundamental physics and applications

Charge neutral S=1/2 spin Nuclear scattering
deeply penetrating probe directly magnetism sensitive to light elements
and isotopes
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Li motion in fuel cells Solve the puzzle of High-Tc
superconductivity

Help build electric cars . e B
Efficient high speed trains Better drugs



ESS perfomances
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© Steady State Sources
= Pulsed Sources

350 mCi Ra-Be source

Chadwick -
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(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986)




ESS ion source
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ESS ion source

Requirement Value
Beam encrgy 75 % 5 el
Energy adjustment £ 0.01 keV
Total beam current > 90 mA,
Proton beam curment 4 mA
Proton beam curfent range 6.7 - 74 mA
Resolution 1.6 mA
Proton fraction » T5%
Pulse length B Frs
Pulse flat top 3 ms
Repetition rate 14 Hs
Pulss to pulse stability £35%
Flat top stabdlity 2%
Transverse emittance (99%) 1.8 pi.mm.mrad
' Bearn divergence [99%) < B0 mrad

Start-up after maintenance < 32 hours




INFN Accelerator Driven Systems

80 keV 5 MeV 100 MeV  ~200 MeV  ~500 MeV >1000 MeV
Proton . . R . .
Source RFQ
80 55‘:. % 30 L%:. 5 - 100 MeV SC linac 3 section linac:
S EE 100 - 190 MeV, 3=0.47
<2 = |2>73F : o _
5 8 S Baseline design: 190 - 450 MeV, p=0.65
= ‘;’U 5 EJll Reentrant cavities (352 MHz) 450 - 1000/(1600) MeV, p=0.85
=7 =.
~ '(R § a Five(six) cell elliptical cavities
3 S PN Alternative design: Quadrupole doublet focussing: multi-
5 § 35 Il \/2 \/4 cavity cryostats between doublets
= ; X (352.2 MHz CERN/LEP)
§ 8BL FODO focussing with sc 704.5 MHz
magnets

The TRASCO-AC Group,
Status of the high current proton accelerator for the TRASCO program. Report No. INFN/TC-00/23



 EXTRACTION
SYSTEM

INEN TRIPS - VIS

i FLASWA CTHANEER MICROWRVE |

| TRIPS Performance Value
Beam energy 80 Kev
| Proton beam current 55 mA
Proton fraction =80%
RF frequency 2.45 GHz
- R . VIS RF power Up to 1 kW
Axial magnetic field 875-1000 G
T i Duty factor 100 % (DC)
Extraction aperture 6 mm
e . Reliability 99.8% @ 35 mA
Transverse emittance (o) 0.07 pi.mm.mrad
A - @ 35 mA
Start-up after maintenance 32 hours

|{-
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International Fusion Materials
Irradiation Facility

A (FMIF
\ \ -

INFN

e e Access Cell
H
W\, l -

EVEDA

Main goal: IFMIF (International Fusion Materials Irradiation Facility) is a neutron source
aimed at qualifying the materials necessary for the design and licensing of a
DEMOstration plant and a Fusion Power Plant.

It has to generate a fusion reactor relevant radiation environment!!!

29



Lo - =
: : = = —
- = - - -
(5] [ L3 E 3
Bt f - : il

b
=

n-flux density (5! em? MeV1)

LE+i]

International Fusion Materials
Irradiation Facility
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INFN IFMIF principles

l_.

[Accolerator I . BT

Deuteron accelerators: rﬂ'l- MY beam heat removal
40 MeV 250 ma (10 MW) with high speed liquid Li flow ®Irrad. Velume > 0.5L

for 100 nf{s-cm¥), (20 dpafyear)
&Temp.: 250<T=1000C

i

Typha! reschiors:
fLild, 2n)'Be, "id, n)'Be, "in Ti'He

Beam footprnt on Li target
Jcm wide x Scm high

_,/'I [1 GW/m?)
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INEN International Fusion Materials
Irradiation Facility

IFMIF consists of two deuteron linear accelerators, free surface liquid Hthium
target, test cell, and the post irradiation examination facility.

Injector :lon source: D-beam
e A, 100KV LSRF Linac HWR) %

s SR R ]
Amrmlr!lllm'“ o ou ) -
Jﬂ#% Yoe H !f

I_'—'—|I—.___. - - - "Ilil}u-ﬂllll i
The-'l-'-'an-el:ﬂadmﬁequm:'r
Chuadrupsle (R 175 MMz,
P itk oo

Deutron (40 MeV-250 mA iquid Lithum SREE: 14 MeV neutron Test material
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IFMIF-EVEDA

Accelerator facility validation
Rokkasho

Installed and commissioned in Rokkasho

INEN

SRF Linoc
JAEA Toko

CEA Socloy

CIEMAT Modrid
HEBT

CIEMAT Maoarid gp

ETENAT Rlpgnd

-3 m
CEA Saclay BF Power
L-IE RAAT rl{'_i_;llq:ll '--IE .If-‘!l:ll |.|':|-.||'].I'|'.'-|I
CEA Saclay
ECE Mal
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International Fusion Materials
Irradiation Facility
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Sometime Negative ions are required:

INFN Why?

1. Extraction (from cyclotrons): Charge
exchange process used for positive ion
extraction

Stored , | 2
2. Injection (to synchrotron): Negative ion protons ' |

are needed to facilitate injection into storage
rings via charge-exchange process.

Injectec
protons

H In foil H- Out
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Sometime Negative ions are required:

INFN Why?

3. High Energy Neutral Beams production for fusion devices L
(Magnetic Confinement Fusion) -
Heat plasma by high-energy neutral particles stripping to

neutrals that can enter the magnetic confinement. Particles v

get ionized by the collision with the plasma, confined there )

and transfer their energy through collisions. ot - -
Nod s

Tangential injection = provide momentum and current drive

ITER Requirements - Three external heating sources to provide 50 MW of input heating
power to bring the plasma to the temperature necessary for fusion
* Two NBI each one delivering 16.5 MW with 1 MeV particle energy: the idea is to use
negative ions tha passing pass through a cell containing gas where they recover
their missing electron and can be injected as fast neutrals into the plasma.

* Jon Cyclotron Resoance Heating (ICRH) : 20 MW power is transferred to the ions
in the plasma by a high-intensity beam of EM radiation from 40 to 55 MHz.

* Electron Cyclotron Resoance Heating (ECRH): 24 MW of EM radiation at a frequency
of 170 GHz (resonant frequency of electrons) heat plasma electrons.



Big Facilities over the world require
INFN J T

intense beams of monocharged ions
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Big Facilities over the world require
intense beams of monocharged ions

SNS Front End

INFN

LEBT Tank, lon Source, and RF Matcher

| baseline Plpgrade!
e—— T 7000 | 1500
Heam power | MW 4 10 |
Chapper beame-m duty Bctor [%] 68 n |
Lmac boams macro pulse duty facin] 60 i |
]
.!"HHE'.I?H.'.': itsactgmilsg H- cusresd [mA] | =6 43 ]
Peak macropulse H- corvent [mA] | 3% '_i'i:-"_|
L mac average heam currend [maA | 16 1%
:.hl-!l crvosimndule nunsher (med<heta) | 11 11 |
SRF crye-module nunsher (highbeta) [ 12 21
SRI cavaly number “3M4E | 33484
Peak srface gradsent (B-0.61 cavityf 275 | 275 |
MV [+/-2.5) [+==2151]
Peak sosisce gradsenst (=081 covingy 15 3
| B4 'm ) [+2.50
| 7. 4)
H|||' ERjcebi it [ma]  luems | S T ”“ll
Fang f frequency [MHz| Los8 | 109K
[ing bemch miensaty [ 107] 16 15
Ring space-charge e specad, M, LN 15
Fulse bength on @ipet [ns) 694 &9




Big Facilities over the world require
INFN ¢ q¢

intense beams of monocharged ions

lon Source LEET

PLasma Chamiping maghats St lens | sloeder | Choppe
Permanent magnets ', Cosiurm oollar Dumgsng oloctrode  First lens 3 Choppor target | RFQ
= ! Y andancs Nangs (ground)

o) l ’ J -l l L I

. WUy 7.
Gars supply - : . r"l'?t- - _-:.
4 JA T —— [

RF anilorna Filler magnots Chthat {-I'r:nrmn'. E-.1|.1.-.'_.|;-.'|r ki Grm:n-:l i

100 mm

Baam oulling is schamatc only (see simulation an P. 18.) Filter- and dumping-magnet fields are ordhogonal
o the illustration plane and ant-paralled to each other,



Big Facilities over the world require
INFN J 9

intense beams of monocharged ions

RF antenna

RF-sustained plasma




Big Facilities over the world require high
intense beams of singly charge ions

INFN

spis Neutron production
ﬁ-‘l ”—él area (NEPIR)

Reacceleration RIB transfer and selection

Multi cusp H- up to 15 mA DC
Injection energy: 40keV
Emittance: 0.6xmmmrad
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lon source for fusion

Neutral Beam Injection
as source of plasma
heating and current
drive in TOKAMAKS

Total fusion prwers SO0 MY

G = Pot. DutPot. In 10

Pulse duraticn 300 =

Plasma magor radeus B2 m

Plasma minor radius Im

S 15 MA

Toroidal fiedd B, AT

Plasma wolumi 23T mi

Piasma surtace 678 m

ﬂpl-l:llllllim-;-l-l-mpl-rl-luﬂ 20 ke

L
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INFN SPIDER

e Exlrscied bos § Exir. fan | I B Accalereied
Current density [T A" LY Y]
HHB | ©- | 000 2 43 »
W8 | H- | &0 336 %0 B 80 5

Extracted electron to kon ratio from PG, £ 1 G HNE
to be stopped in the EG TR

Uniformity Adm £10%

Source operation

400 5 for H-Or
< Leng pulse aperaticn 1800 & far O
o S
1 Source modulation STHz ) e
lIl--tl'u'.'-' \ - wima]
Ca consumplion and control T o™ B0 ms o \ i
I . | ! L= Bcam
! SRITOC

SPIDER
Source for Production of Ion of
Deuterium Extracted from Rf
plasma

----




SPIDER

INFN




INEN SPIDER - Grid system

E:Iﬂs plate ..,'.

Extraction grid  Plasma !_:lm:! )
Grounded grid - iy i‘“«tﬂ ‘1 E: ]
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ITER-ITA data

MITICA

9 m

Vacuum

MITICA
Megavolt IEER Injector

Concept Advancement




2 NBIs (+1)
P, =165 MW
| :I'II .'.lll.
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j 3600 s
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INEN MITICA

Negative ion production

/

Negative ion extraction

Negative ion acceleration

Negative ion
neutralization

Plasma formation



INEN MITICA

Voltage spatial distribution
{ IMV
Inpector plan view ‘ [ ,-J g
|
I__I : : ___ 1" Eﬂurcﬂ
m
T 1 - e ﬁ_.-:‘
RID ‘ Meutraliser ‘
m:-::-::l::ramr
neutralisation of I 1ons by charge exchange
collisions with D, molecules:
Addtional electrons from
neutralisation a) co-extraction,
Dr+D,=D+D,+e¢ b Stripping losses {low p: p_...<0.3Pa)
: &) Secondary clectrons

re-ionisation {competing reaction)

D+D,==D"+D,+e¢



INEN lon source for fusion

i) Simulaton of H (34 2 mAdem’) ard Aok Sivnatation of cosanbinched 5 (4.2 mddan™
relyied species (secondary &, Hy, 1 H;") ) :
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~ Negative ions

lon source for fusion

T,
i

| __focus angle 75°

Electrons
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