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1. Concept , Basics and
Brief Introduction



lon Source Applications

*Accelerators

*Nuclear physics, atomic physics , surface physics,
material science.....

*Fusion application

*Nuclear analysis, such as microprobe trace analysis, ....

*Industry, such as ion implantation, etching ,
lithography ,material modification, film production,
Nano-fabrication, industrial polymerization , food

sterilization.. ..

*Medical application

*Space thrusters



Many lon

*Bayard-Alpert type ion source
+Electron Bombardment ion seurce
sHollew Cathede ien source

‘Reflex Discharge Multicusp source
‘Cold- & Het-Cathede PIE

+Electron Cyclotron Resonance ion source (ECR)
+Electron Beam Ion Source (EBIS)

*Surface Contact ion source

*Cryogenic Anode ion source

*Metal Vapor Vacuum Are jon source (MEVVA)
*Sputtering-type negative ien source

‘Plasma Surface Cenversion negative ion source
+Electron Heated Vaporization ien source

rHollow Cathode von Ardenne ion source
»Forrester Porus Plate jon source
*Multipele Confinement jon source
+EHD-driven Liguid ion source

»Surface Ionization ion source

*Charge Exchange fon source

*Inverse Magnetron ion seurce
I

Sources

*Mierowave ion source
XUV -driven ion source
*Apre Plasma fon source
»Capillary Are ion source
*Von Ardenne ion source
»Capillaritron ion source
*Canal Ray ion source
*Pulsed Spark ion source
‘Field Emission ion source
rAtomic Beam ion source
‘Field ITonization ion source
+dre Discharge jon source
*Multifilament ion source
‘RF plasma fon source
*Freeman ion source

+Liguid Metal jon source
*Beam Plasma ion source
*Magnetron jon seurce

o~
Nier jen source

Bernas fen source
*Nielsen ion seurce
» Wilson ion source

Recoil ien source

rainn ion source
*Duoplasmatron
*Duepigatren
rLaser jon source

*Penning fen source
*Menecusp ion source
'Bueket ion zource
rMetal ion source
*Multicusp ion source
rKaufman ion source
‘Flashover ien source
»Calutren ien seurce
CHORDIS

lon source list from SNS M.Stockli’s report
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The book list from SNS M.Stockli’s report

For ion source details, please read:

lon Sources, Huashun S. Zhang,Jianrong Zhang-: Springer-Verlag, 2000,
$119.00

Electron Beam lon Sources and Traps and Their Applications, Krsto Prelec,
Springer-Verlag, 2001

Electron Cyclotron Resonance lon Sources, R. Geller, IOP Pub, 1996,
$210.00

Focused lon Beams from Liquid Metal lon Sources, P. D. Preweit G. L.
Mair, Wiley, 1991

Handbook of lon Sources, Bernhard H. Wolf, CRC Press, 1995, $194.95

International Symposium on Electron lon Beam Sources and Their
Applications, Ady Hershcovitch, American Institute of Physics, 1989, $85.00

Physics and Technology of lon Sources, lan G. Brown, Wiley, 1989.

Polarized lon Sources and Polarized Gas Targets, L. W. Anderson, American
Institute of Physics, 1994, $288.00

Polarized Proton lon Sources, G. Roy & P. Schmor, American Institute of
Physics, 1983, $37.00

Polarized Proton lon Sources, Alan D. Krisch & A. M. Lin, American Institute
of Physics, 1981, $30.00

From http://shop.barmmesandnoble.com

lon source conference , workshop, symposium proceedings.
ICIS; ECR, EBIS, MEVA, Negative source......




What is an ion source?

A device for producing ions: a device that produces a stream of ions,
especially for use in particle accelerators or ion implantation equipment. lon
source is a plasma device.

What are the most important parameters for an ion-source user ?

Beam intensity and beam emittance(beam brightness): related to ion source itself
(plasma parameters), beam extraction system and LEBT.

Ion source System: lon source, extraction, beam transport and analyzing ,
Extraktionssystem beam diagnostics, control, power supply, vacuum, .....
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lonization of Atoms and Molecules in Gases M
< ILSN

SPALLUTIDN Illli'I]H SOuRCE
- l.rH'

*lonization in gases, the removal of an electron from an atom

or molecule, requires an electric field in excess of 10" V/m, /v
only possible within atomic distances typically reached in

-

collisions with charged particles [F. = (41M€ )" *q,*q,/11,%]. /
*The conservation of energy and momentum favors

electrons as the most efficient ionizing particles, and / ‘?
therefore most ion sources use electron impact ionization.

*The conservation of energy is responsible for an absolute \ /

threshold, the ionization energy E, the minimum energy
which needs fo be transferred for successful ionization.

*Gases have ionization energies between 12.1 eV for lonization cross section
O,and 24.6 eV for He, e.g. 15.4 eV for H, molecules N

and 13.6 eV for H atoms. "5 T \
*The electron impact ionization cross sections are 06 {
typically 10-1¢ cm2, roughly the size of the atoms. 04 | \,‘

* The ionization cross section has a maximum close to ,
3 times the ionization energy E,and therefore |
electrons with an energy between 50 and 100 eV can ° E

ionize all gases efficiently. L

How do we produce ionizing electrons?

5 10 15 20
Particle Energy / lonization Energy

Slide from SNS M.Stockli’s report
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e Thermal or field emission
filament, cathode....
* Discharge

electrical discharge, penning discharge, microwave
discharge,......

 External electron source

Electron gun, plasma, .....



Thermionic Generation of Free Electrons

The core of metal atoms keeps the conduction
electrons trapped inside the metal with the potential
@, the work function. This is the energy required to
remove one electron from the metal, normally
between 4.5 and 6 eV.

When heated to a temperature T [in °K] some of the
electrons get enough energy to overcome the work
function and escape the metallic filament (Thermionic

Emission).
Applying sufficient nhegative (arc) voltage to the
filament allows the electrons to be removed with a

current density | [Asm2]: j= A+T2exp(-eP/KT)
with A ~ 600,000 A - m? « K-2

*High currents require high temperature
*High currents require large filaments

Slide from SNS M.Stockli’s report



The Electron Bombardment lon Source ﬁé
~ NS

ﬁl?ll.l.llll]i I{I.IWIIIII SR

A simple application of the discussed concepts is the Electron
Bombardment lon Source. Some people call it Electron Impact lon Source.

» This ion source uses thermionic emission from a very hot wire, the
filament, to generate an abundance of electrons.

«Applying roughly -70 Volts to the filament allows the electrons to gain
enough energy to effectively ionize all atoms and molecules.

«This ion source is preferred when the

jonization rate should be proportional mf’lﬂ

1&1‘11?.3.11 of 'LFDIUIHE

to the gas density, the pressure, SUCRpector +5000 v

as in gas analyzers, ion gauges, elc. < lelectrug fi \ﬁtcr

+The filament lifetime is limited by +5030

vaporization and sputtering, j

especially at higher pressures. flament W

At 1 mT pressure, it takes roughly 3930
0w less than

300 electrons to produce 1 ion per C%’E:w]ume} i |

not well suited for the production of :n::l e

high intensity ion beams. P
- How do we increase the intensity? LE‘“‘“L sl rmlles2sie-

Slide from SNS M.Stockli’s report
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Electrical Discharges in Low Pressure Gases [V/
o, [l

*Applying a small voltage to a discharge
tube typically results in nA’s of current
produced by background ionization.
When the voltage is raised significantly
the current starts to grow exponentially
up to many UA due to Townsend
multiplication and the onset of corona.
Further increasing the voltage,
suddenly the gas starts to glow and the
current grows up to many mA at a
much reduced voltage. The glow
discharge is maintained and amplified
by secondary electrons emitted when
the ions impact on the cathode.

*As glowing plasma covers a growing
fraction of the volume, a growing
voltage increase is heeded to

increase the current.

Most discharge ion sources operate at
the low current end of glow discharges.

SPALLATIA WENTEON SOURCH
- W "‘_
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Slide from SNS M.Stockli’s report



The Plasma Physics of lon Sources
I

SPALLATIN SENTEON SOURCH
- iy,

*A plasma is composed of neutrals, electrons and ions with
densities n,, n..and n; typically in the range between 1010 to 106 particles
per cm? corresponding to a pressure between 10¢ and 0.1 Torr.

*The repulsive nature of equal charges requires that essentially all
plasmas are practically neutral (quasi-neutral): e-2Qpgn;= e*n,

-Plasma physics dominates if degree of ionization n/(nj+n,)>0.1.

«The average particle speed is V, = (8KT /Tmp)” with T 2T > T, which
means v,z 43 - v;.The rapidly moving electrons leave behind the ions and
their space charge creates a or modifies the existing electric field.

«Charges interact with other charges only within a &
distance Ap,the Debye length: Ap2= e kT_/e?n_ or
Aplem] = 743 (T [eV]/n [p/cm3])*: (A few um for the SNS
ion source). The surface charges on electrodes create a
plasma sheath with a thickness Ap which maintains
most of the potential difference between electrodes.
*The plasma frequencies are fp? = n,'e?/(4m%e mp).

The SNS ion source has plasma frequency of ~ 100 Voltage
GHz for the electrons and ~ 2 GHz for the ions and ﬁ’fﬂf"_’:'_g_’_’_'ff _________
hence the RF interacts with the individual particles. December £

Slide from SNS M.Stockli’s report
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Pressu®2%%ld Vacuum issues of ion sources ﬂ/
-y, LD

SPALLATION WEUTEON SOURCE
L

«The non-ionized, neutral particles with density n, and mass m ran::'froﬁn,-'?
collide with each other and the walls. For a wall temperature T (in °K)

the average particle velocity is v, = (BkTp/rTmp)’*’% with H, at 1.1 miles/s
being about 4-times faster than N.,.

«Jon sources need an opening to extract the low-energy ions. The SNS
ion source has a 7 mm diameter, circular extraction aperture with a 0.38
cm? area. Through this area A, neutral particles escape at a rate of
Q=4 Vp Ny, A, which is about 10"pps from the SNS ion source, or
about 1,000 neutrals for each extracted ion. The pressure is
maintained by adding about 1 Torr+t{/s Hydrogen gas.

«The particles have to be removed from the LEBT to limit ion beam
charge exchange losses to ~10%. Three pumps, each with a speed Sp
of 1500 I/s, keep the LEBT pressure P, below 104 Torr (P, = QfSp).

*Most ion sources have discharge gaps of a few mm, featuring the

highest discharge current at a few Torr. The highest extracted ion
currents, however, are found at substantially lower pressures. The SNS
lon source operates at 20-30 mTorr, 0.003 % standard atmospheres, a
‘particle density n.. of 10%cm-3. esermber 2 001

Slide from SNS M.Stockli’s report



Confinement of Charged Particles

Time-constant magnetic fields are unaffected by plasmas and therefore drél ™
perfectly suited to confine ions and electrons.

Charged particles move unimpeded in the direction of the magnetic field.

A particle with mass m, charge q, and a velocity v perpendicular to the magnetic
field B undergoes a circular motion with a radius r = mv/gB.

e.g: if B=1 kG, for 10 eV electrons r=0.1mm, for 1 eV protons r = 1.4mm.

The resulting helical particle motion reduces the wall losses of the jons and
increases the path length of the electrons and their ionization rate.

Confinement is normally achieved with the following magnetic field con
g
Iy

figurations:
5 Chusp
f
e
| |
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e
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Slide from SNS M.Stockli’s report



What are the most important parameters
for an ion-source plasma

n,, Te, T, N,

What an ion source physicist always tries his best to do :

* Increase all these parameters to produce
intense beam.

- Reduce beam emittance with lower T



2. Single Charged Ion Sources

H source , H source



H source

SNS and other neutron source; Proton accelerator



Negative lons; What is that? AT

SFALLATIDN NE U]F!I]H SORECR

*Some atoms with an open shell can - ik e

attract an extra electron and form a
stable ion with a net charge of —e.

» The stability is quantified by the
electron affinity, the minimum enerqy
required to remove the extra electron.

* The electron affinities are substantially
smaller than the ionization energies,

covering the range between 0.08 eV for
Ti and 3.6 eV forCl ,eqg. 0.75eV forH . —

F-or electron energies above 10 eV, H
the H ionization cross section is ~ 30101 cm2, |
30 times larger than for a typical neutral atom!!

0
« For H* energies below 1 keV, the recombination ;f.:’s 47!"6/
cross section is larger than 100 « 10-1¢ cm?, raglie ‘:

*Charged particle collisions destroy H ions easily!!

Mmoo b e 8 WA

Slide from SNS M.Stockli’s report
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SNS RF H- SOURCE
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Shape of beam envelope exaggerated for emphasis

Some magnet orientations are rotated into the viewing plane of this illustraton
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DESY RF H- SOURCE
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| TRIUMF H- SOURCE |
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Proton source (H*)



50-100mA/50-100keV H/D* Source (CW/Pulsed)

1111poul talit ) pubauu 1D
- Max beam Average
Application power Energy current
Accelerator Driven Systems
100 MW demonstrator ~5 MW ~ 500 MeV ~ 10 mA
Industrial Facility ~ 50 MW ~ 1 GeV ~ 50 mA
Irradiation Material tool (IFMIF) 5-10 MW ~ 40 MeV ~ 125 x 2 mA
Compact Neutron Source for
. P ] 10kW-50kW 10-20 MeV 1-5 mA
Various Studies
Condensed Matter Studies
(SNS) 1-5 MW 1-5 GeV 1-5 mA
Radioactive Beams > 200 kW > 200 MeV ~ 1 mA
Muons, Neutrinos 4 MW 2 GeV 2 mA

ﬂ Medium energy DTL Linac High energy DTL linac

Beam intensity and quality are determined by source and LEBT!
from R.Gobin’s report



General Requirements to H/D™ Source

and also the most important issues for design and test

Intense Beam (50-140 mA) \
High Reliability and Availability
_ow Emittance (<0.2 1 mm mrad

_ow Beam Noise(<5%)
_ong-life Time (months) y

It is a challenge to fulfill all these requirements!

2.45GHz ECR
Ion Source

High Proton Fraction (>85%) ’

Advantages of 2.45GHz ECR Ion Source

CLong-life time and high reliability: no filament and no antenna

OHigh proton fraction




Microwave Discharge Ion Source-2.45GHz ECR Ion Source

for proton beam production

Ridged Plasma

Quartz
transition chamber

window

High currents of proton beam (mA- level)
High efficiency ionization of 1+ ions:

* high electron density (overdenseplasmas)
* low plasma confinementtime

* 2.45 GHz frequency

*low magneticfield

!

i

Cut-Off
e Underdense ;'
plasma
<7 T | | |
Graph from R.Gobin’s slide 16 10 1¢ 1@ 100107102103 n,[cm3]
i ——ee——
oA ECR Source
700 //H 2 \\ (1)= e B / m
Al [ 2.45 GHz »
875 Gauss

chamber
L=74 &=90

[HV COLUMN

PrOton source deSigned by IMP LanZhou 3;.;5;:”;‘:_ HEHH N A, TARGET | = 0 uu?:,up‘friy s: s.rnzs-c;



The Most Successful 2.45GHz ECR Ion Sources in 1995-2007
LANL Proton Source and SILHI Source at CEA/Saclay for IFMIF, 100-140mA,CW
(More than 30 labs ever built 2.45GHz ECR ion source)

Column Insulators

Insulator

Solenoid Magne-g ¥ mﬂo" Gep ‘;‘ o
Hydrogen Gas Line ;:-..:' D\ Elecron Trap i
v 110 mAZH"
ﬁ"ﬁiﬂ/ ST ectodes 2 6.7 MeV, 8 m
Solenoid ) £ EIedTrap LANL

Magnet

GPHI RFQ, 352MHz CW

SILHI Source[2] 120 mA H* 5MeV, CEA/Saclay

[1] Joseph D. Sherman et al., Rev. Sci. Instrum. 73, 917 (2002).
[2] R.Gobin, Rev. Sci. Instrum. 79, 02B303 (2008).




SILHI/SACLAY Source and LEBT

Y N U A

" i ]

Sampler = le Wien Filter i
|
aaaaaaa Faraday Cup Steerer Beam stop
q
Iris ACCT Solfimeid 2 Diagnostic Bax |
re—tl.
=¥ |
i 1 I A

Since 1996, SILHI produces
H* beams with good
characteristics:

| H* Intensity >100 mA at 95 keV
H* fraction > 80 %

Beam noise < 2%

95 % < Reliability < 99.9 %
Emittance < 0.2 ® mm.mrad
CW or pulsed mode

R.Gobin’s slides at ECRIS06
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ECR sources are especially £
. L et g ¢ |
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S0 |Availability : 99.96%
L C \ [ \ ]
. l Q 30 + Total : 104.05 h T
It is a challenge !| |;«
10 + Energy = 95 keV |—
; S R TR I O N
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" Beam current = Time
= o 110 =+ +
2.5 min. <100
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Figures from R.Gobin’s slides at ECRIS06
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Proton Sources developed by IMP

90-100 mA Proton source 10 mA proton source
developed by IMP in 1999. developed by IMP in 2006

10001/s 5 T %

ELR-EIFPE.:%:4

Proton source and LEBT for ADS
and neutron source

IMP, CIAE, Peking Univ. in China




3. Multiply Charged lon Sources

LIS,EBIS,ECRIS



Multiply or Highly Charged lons

If an orbitina electron at the external shell of an atom aains sufficient

. 5 1t t LI B B I | t 1 1

energy, it | | i
The minim | | most
external st~ T Xe44+--Xe4%*
Multiply ct 5 .| ‘ ' wing
n electron: :
Electron-i 3 |, erate
multiply cr =

.7
Electron-ir =~ os| rons
that are re ; It as
the charge ;i .. R C 3
more ener w0t ' 10° ' | 0 se.

Collision Energy [¢V]



Production of Multiply Charged lons by
electron-impact ionization

1. Single step ionization
A+e —— A"™+(n+1)e

2. Stepwise single ionization
Ate —— A" +2e

At +e —— AZ*+2e



Time evolution of the ions' charge state
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In highly charged ion sources, very important:
ion confinement time » ionization time
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1. Loss by charge exchange
ANt +A — ADDY A

Ant 4+ Am+ » Ait + A(n+m-i)+

2. Loss by recombination

A+ e —> A1)+ 4 hy

3. Loss by diffusion



Ion Sources for Multiply or
Highly Charged Beam

« ECRIS
CW and pulsed beam (~10ms), I: euA-emA

e EBIS- Electron Beam Ion Source
Only pulsed beam (10-50 ps), I: few emA-tens emA

o LLIS- Laser Ion Source
Only pulsed beam (a few us), I: few emA-tens emA




Why Multiply or Highly Charged Ion Beams
(Q: Charge Sate)

« Higher Q, higher energy. E =< Q or Q?

* Higher Q, higher energy gain, accelerator more
compact and lower cost

-2001, RIA project, U?%", 400MeV/u, 400kW, cost range 950M$
-2009, FRIB project, U3**+U3*" | 200MeV/u, 400 kW, cost range 550M$

 Higher Q, more intense beam without stripping

- RIKEN ECRIS is running U** directly for RIBF
- IMP SECRL is running Bi3!* directly for HIRFL



Applications of Highly Charged lon Beams

Heavy ion accelerators for high energy physics and
nuclear physics

Atomic Physics and surface physics

Atomic physics data and various processes; X-ray astophysics;Cosmic Chronometer;
Structure of the vacuum; Solar physics and earth-sun connection;......

Microelectronic and nanotechnology

Ion Implantation; Material modification; Ion lithography; Ion microprobe and X-
ray microscope.....



High Power Heavy Ion Accelerator is driving force for Intense
Highly Charged Ion beams (atomic physics, surface physics ...)

RIKEN RIBF U3>* 525epA )

Demands to intense
highly charged ion
. beams are increasing

-- Existing Facility
- New Facility

9.4 Tm
SO0AMev | §
o
-H Moscatello
pr the SPIRAL2
oject group
10AMev ,
T
lj;: 4 -
E*. Fragmentation Target — .Y;"? %- .'
a 33+ 34+ "'"-“M?ﬂf?_—bf_:“:? ."1:'*.':_3.‘
FRIB U33+ + U3** 12ppA Except U3 and U3, i TS
i Stripping Segment 1 (17 MeV/u) Stripping Segment 2 (110 MeV/u) these beam lntenSItleS

Linac Segment 2 Reserved Space R IMP HIRFL U41+ 100e|,lA
&(ﬂm e T have not been achieved by

.H-H”—.-F;e_‘sa-wedspaas._‘-'_ Linac Segment 3 777:_"_*43"9’:“” any eXiSting ECRIS :

Beam Delivery System (200 MeV/u)




BNL RHIC(EBIS) ITEP TWAC (LIS)

PHOBUS 12000'dock BRAHMS & PP2PP (D) 3) Heavy ion accelerating complex TWAC
10:00 o'clock S—— ———

2:00 o'clock

emmmm ___|TEP-TWAC Project

I-2 Proton Injector, 25 MeV

‘\\‘*_ U-10 Accelerator-Storage Ring,
/G-d-m \34 Tm

v ] \\
UK Booster /"\ R

\-\ Synchrotron,
. ;

4:00 o'clock Internal Target and

Slow Extraction Beams

o p.apK,
10°-10"1/c,

] SO =

up to 10GeV
O N/ Ty

Pa ters N\ A i 9
Eo- 0,1 MJ S 107'\ ,\ l[!leanaITargel
P,-1TW (10 TW) as Ax ractio eams
T,- 100 ns 10" Acceleration of the ions
J.- 120 TWient 160 07100 né up to 4.3 GeV/u,
t.-10eV ; : 1
n,-1 0”2 em?® Laser lon Source intensity 10" 1/s

P - 10-100 Mbar ace (AW ‘b Testing ations G4 > C'6




LIS--Laser lon Source

History

1969 First idea was proposed by Byckovsky,
Peacock and Pease.

1977 -1984 JINR Dubna Cr 13*

1988 Technical University of Munich, ITEP
1992-2002, ITEP,GSI, CERN

2002-2005, HIMAC,RIKEN

In China, 1990, 2005-2010, at IMP, LIS.



LIS Principle DOt e G el
L

 The PI lasma is generdteu Uy a laser beam. m::mi\\ :'T:Wbulb

. A short pulsed and high power laser beam is
focused to a small spot on a solid target
Containing the desired beam species.

* The laser evaporates the target material. Laser boam

* The plasma electrons are produced during

!

1541000 10K OV

] Insulalor
the evaporation process.
» The plasma expands normal to the target. RN

Targed

- The electrons are heated to high energy by % ™™™ ™" veesein tomirs
the laser radiation. I\ 1 | :

* The plasma ions are stepwise ionized to high
Charge states.

« Electron energy and ion charge state are R
determined by the laser power densityand .
the wavelength. The most important:

 Low charge state: 10°-107° w/cm?, Laser generator;

High charge state: >1072 w/cm2 Laser focusing system

« The ion pulse duration is determined by the | Target and the ion source parts
space between the target and the extraction
plane.



LIS Advantages and Drawbacks

Advantage:
Simple system
High charge states
High beam current
Short pulse

Drawbacks:

Low reliability and stability.

Pulse to pulse beam current fluctuations

Target erosion and low lifetime.

Coating of optics by the evaporated target material
Beam species is limited to the solid target

Large emittance and energy spread.



CERN/ITEP LHC LIS

1992-2002

CERN LIS: CO, laser
A=10.6 um, 100 J, 1 Hz
Laser pulse 15-30 ns
Power density 1013 W/cm?
lon pulse 1-10 us

POWER AMPLIFEER

MASTER OSCILLATOR

Statlstlc_al fluctuations in pulse amplitude and i =]
pulse width from shot to shot were less than = I
+15%. 1 Hz pulse trains lasting more than : b K St CERN ABABE

60-70 minutes.

« 1-2 x 10'9Pb ?7* in a pulse of 3-4 ys.
| BB 121202-51 RS
0.16 csp po 1/4 Hz 5.31-12.53 s
0.14- Elaser =925 ) dt=2T ns
T = 0.12- electimstatic analysers
&0
8 Pp76* ,{ 3 0.104
= = 0.08
£ 0.06-
20 =
i Pb £ 0.04-
l S 0.02 1 =
10+ a
£l OO0 T T T T T T T T

1 che B AR 21 96 3G

time (5 psec,/div
{5 usec/div)—s charge state (L)




Key element: New triple - laser ion source
pre-injection system (L5, L10, L100)

Laser L100

16+
-, 5 MA 80 MeV Fe Wavelength, pm 10,6

Pulse energy, J 5/20/100
Pulse duration, ns 100/80/30

Target with
diameter of 150mm

and height of Repetition rate, Hz 0,5/1/1
200mm for more

_ than 2*10¢ shots Number of shots ~108

<_:_High voltage
' terminal

————

. ™ lon beam

Plasma blow-off

\Laser beam

\
ITEP, Golubev, Talk at Storage(08

mirrors




lon accumulation C¢*

1q

Linear intensity growth ~ 100 s (> 40 cycles)

2

Oscillograms for the intensity of the C*® during accl:lulrnulla'tio'ri.in 't'he U'-'1(')m

100mB

I 4.00c A BHw & 339mB

¢

200mB

I 10,0c A K1 S 24.0mB

Accumulation drawdown

A: 88SmB
: B

ST 10.0c A K1 £ 24.0mB

: : : : A 3.00B -
s . s . oo @ 3.08B
ARSI S

500m T 10.0c AEXL/10S 1.65B
ant | 500mE 10.0 ¢

U-10 (213 MeV/u)

*~ 4.1010

Maximum intensity of accumulated beam

ITEP, Golubev, Talk at Storage08



First experience with Fe'%*=>Fe?¢* stacking

Stacking of the Fe'¢*=>Fe26* beam in U-10 Ring

smooth fall of ions because
noncentral injgction -

CTon

r -

n

Maximuml intensity of Fe2¢* stacked

beam k, =>10

-

Cton [

1

A 150mB
@: 630mB

900 T & -Brw oo - 800ma

J -l 508mB--~- e %00 T - # - BHili- -~ S00MB’
Beam energy 165 MeV/u
Target material Mylar
The thickness of the target | 1,5 mg/cm?
The target size 10x20 mm?2

The cross section of

ionization

~3x1021 cm?2

The cross section of

recombination

~7x1023 cm?2

The frequency of injection

0,25 Hz

CAD 100mE
@ 1.06B

5x108

e R

4. 00 ¢ & BHii- C - 800imE;

Stacked beam life time in the U-10 Ring

at kickers on, t0=16 s

"""""" 400 ¢ -A By

- 800mB

ITEP, Golubev, Talk at Storage08



Direct laser-plasma injection into RFQ
at HHMAC and RIKEN

Insulator

e Dense plasma can be induced from \ =
solid target hit by laser. | \ \ 1
. . . ‘F:> ) i1 e
e Since ions are in plasma state, space = SHEN
charge effect can be neglected. 7 [
e No LEBT

RFQ Linac

e Very simple structure. |y esergpeowee —

Oem 10cm 20cm




Laser systems

Two types of laser systems had been used for plasma production.

.CO2 laser *Nd-YAG laser
8J (1.2 J on the target) 300 mJ
C4* is mainly induced Co* (50 %)
Longer pulse duration Easy to use.

High intensity Highly charged states
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Nd-YAG Laser \
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Detector TEA CO2 Laser
- Window

!
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Analyzer Target Chamber
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Acceleration Test

y Laser Faraday Cup |

Electrostatic
Analyzer

RFQ linac + laser 1on source Electrostatic analyzer






Arbitrary Unit

Charge states distribution
of Carbon plasma by CO, laser

| 002 laser produce plasma

71 Beam energy

| 5+ 75~142eV/u
|+ 67~1926V/u
1 C3" about 80eV/u

Integral

' I ' I 5 T
1 | 1 I 1 | 1 | 1 I ] I 1 | 1 | 1 | 1 -I 2 3 4
10 15 20 25 30 35 40 45 50 55 60
Charge state

Time [ps]

C** is mainly produced

=C*" acceleration experiment



Results (Nd-YAG)

Current[mA]

17mA  Accelerated C6+ peak current
6.0 X10°  Number of particles CO6+



Comments to DLPI

Large emittance and energy spread

Long-term reliability and stability to be tested.

Well designed target system.

Improve injection efficiency.

C* or C®"may be OK!, but for other metallic ion beams ?



EBIS--Electron Beam lon Source
History

Invented by Donets at JINR,Dubna in 1965. Au'®* beam in 1969.
1970-1985, in Dubna, cryogenic version of EBIS KRYON-LILII,
bare ions C, N, O, Ne, Ar, Kr, Xe.

1970-1985, Europe, US, Japan, a lot of EBIS (EBIS time), U
1982, at Bekerley, EBIT, from EBIS, 1990s, SuperEBIT, U”** !

T\ I NTN Y Y

2001-2005, breakthrough of EBIS at JINR, new 1dea of ESIS by
Donets, and high current EBIS at BNL.

In China, Shanghai EBIT, no EBIS.



Principle of EBIS

 High current electrons are produced by

cathode (10 A/cm?), compressed to high
density(1000A/cm? )by the solenoids, and:atodex
decelerated and stopped by a collector.
* lons are trapped axially by electrostatic

potentials applied to cylindrical electrodes.

* lons are trapped radially by space charge
of the electrons.

* The trapped ions undergo stepwise
ionization by the electrons.

axial potential

Drift tubes

Electron beam

M“ MI’P

; Electron

Solenoid coil

=

lon beam

collector
Electron & ion beam

Axial potential
_*_,_,__—— extraction

~1m \

regionof max ftrapping
magnetic field

« The longer confinement time, the higher

charge states, ms- hundreds s.
* The desired charge state is at peak of CSD.
* The electrostatic barrier is dropped,

the ions are escaped from the trap

and extracted.

* The extracted current can be accurately
predicted and calculated.
« Ultrahigh vacuum 101 mbar.

electrons

electrons
and ions

axial distance®

Radial potential
Y

trapped
ions

radial potential




Advantage and Drawbacks of EBIS

1. Advantages:

. Highest charge state
. Narrow CSD and the desired charge state 1s at the peak of CSD

. Ion intensity almost independent of species, and beam pulse can be controlled
casily.

2. Drawbacks:

. Low beam intensity

. High technology (ultrahigh vacuum, superconducting solenoid...)

. Instability of high current electrons

. High energy spread

. Injection of solid-material 1ons from external source



BNL RHIC, EBIS

. 8-10 A
B:5T

Trap length: 0.7 m
Au3?* 550 epA
Beam pulse: 15 us

Charge Extracted from BNL EBIS

Electron Current (A)

Electron gun
bucking coil

Electron
collector

Au3d+

g
7
B

ik

Au TOF Spectrum
le=72A

Ee =205 kv
Te =560 ms

Vert: 120 mv
Horz: 0b5us

DO08 bmp
16Aug2001

Electron collector
bucking coil

lon
extractor
Current
transforme;

Electrostatic |

deflectors

Faraday Time of flight
cup-1 mass-spectrometer

Diagnostic Faraday
cup-2

chambe

cup-3 \
Electrostatic i LEVA

quadrupole Iens-i’ ion mrccl"







BNL New EBIS

Magnet was
cooled down....run
at full field on
Saturday

Final pumping &
leak checking in
process

Final check of ps’s
and controls

Au3?* - tens mA



A Significant Breakthrough of EBIS
—Electron String lon Source

« Discovered by Donets recent years (firstly observed in late 70s).
» Under Reflex Operation Mode of EBIS

 The electron gun and the collector are designed specially so that the
electrons could be reflected.

» Electron string can arise if the electron number stored in the drift tubes
exceeds a threshold value (energy issue: E s 30% < Eg; E.10% > Egy) .

» Electron string formation passes three phases: quiet accumulation,
instability, quiet accumulation.

- Electron string related to B*( |, hundreds uA ). T T TTTT T T

* Reduce more than 95% power consumption of EBIS
Ar'* 200 epA

"""Idn current (arb. Units)

f |
; |,
Fe24+150 epA NN |
g [ ErT] |
Beam pulse: 8 ps : il |
Injected into JINR synchrotron & W
(_E) g N RN e
Comments to Donets I T s B

b

Brightness Award 2005




Flectron String Ton Source, (ESTS)

B, T
3.0
2.0 7 Bapapax=3 T \
1.0 // N
00| —| ESTS \
El-*—...‘_//_____________________/ on beam
gu—':'-'——f—_________________ -
N\ N\
Drift tube structure Super conducting Flectron
solenoid reflector
t____________________________1/ Pulse ion beaim
___________________________ Ty, e—
Voltages on the electron string optics elements for i extraction

EFlectric potentials on the axis of a pure electron stri

The electric potential at 100 9% compensation
Ground potential

EBIS in the electron reflex mode of operation

V. Shutov
SAIP2008

(D
Cral)
EB

JINR,







500 pA electron current injected

=

- =

Accumul. current (0.1 mA/divy

Time of accumulation (5.0 us/div)

| Electron current
- accumulated

Accumul. current (0.1 mA/div)=s—

Time of accumulation (5.0 us/div)

Time of accumulation (2.0 us/div)

Accumul. current (0.2 mA/div) 5

Injection electron current: 500 pA g

(N,
V. Shutov
SAIP2008 &




Comments to ESIS
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ECR Ion Source History and Development

* In the Beginning Supermafios in 1974

* First generation 6 to 10 GHz sources

Minimafios, ECRVIS , LBL ECR,
RT-ECR ...

« Second generation 14 to 18 GHz

CAPRICE, AECR-U, LECR .........
RIKEN 18 GHz

SERSE 18 GHz Superconducting
A-PHOENIX

GTS 18 GHz Grenoble

e Third Generation 24 to 35 GHz

\IEKII IQC Ninavak: at 20 ALI> DaAavl,
NU D \JPCI ﬂllllg al 20 UNZ DEerK

SECRAL Operating at 18 -24GHz
Lanzhou

MS-ECRIS Under construction for 28
GHz for FAIR

AIA \V
€Iy

RIKEN SC-ECR Operating at 18 GHz for

RIBF
MSU-NSCL SUSI Operating at 18 GHz

 Fourth Generation ,35GHz-60GHz??

Typical beam intensity enhancement
in the last 10-30 years

lons | Year Year By
Intensity Intensity facto
By ECRIS By ECRIS r
Qb6+ | 1974, 15 epA 2004-2006, 30 ys
Supermafios >2000 epA
IMP SECRAL | >130
LBNL VENUS
Xe30 | 1997-1998, 2008, 10 ys
+ 10-15 epA, >150 epA,
RIKEN 18 GHz, | IMP SECRAL | >10
LBNL AECR-U
Xe35 | 1997, 2009, 10 ys
+ 1.5 epA >45 euA >30
LBNL AECR-U IMP SECRAL
s34+ | 1997, 2006, 10 ys
20 epuA, >200 epA >10
LBNL AECR-U LBNL VENUS




ECRIS--ECR Ion Source

Plasma device to produce intense highly charged ion beams
Plasma is produced and heated by microwave (6 GHz-28GHz)
Plasma is confined by minimum B structure —solenoids+sextupole

Highly charged ions are produced by stepwise ionization process

» A resonant interaction between electrons and RF takes place when :
_eB(r)

HF

m
Plasma parameters: n, - 10> cm>  Te —tens keV, 1, - ms

»To produce HCl beams, need high n, long T;,, and low n,

Gas of
VAPOF—>
40000.0 Solenoid Coils
35000.0 § h 5 c
ik
30000.0 ‘%‘%;%}m%,' : | — pR N sanﬁm ECRIS phySICS IS
25000.0 T \\‘““ Wﬂ,y . Plasma | nOt completely
i el
wowo [ Peiae Sextupole Pasonence understood!
10000.0 e \‘“‘““\:i:‘:‘.:-:':‘:‘ i Y
¢ " T
5000.0 ‘“““‘:‘:1::::“‘“‘

o exiraction



RF Generator

An ECRIS System Layout

LHe
Station

High Voltage Glaser Lens
Power Supplies Power Supply

SC coils
Power Supplies

Cryogenics Measurement

Analyzing Magnet
Power Supply

Other Power
Supplies

and Instruments

Metallic Ion Beam
Production System

RF Generator|

]

) .
Water Cooling Syste%

Glaser Lens
SECRAL Ion Source

1 E g ﬂ Vacuum System

g

Beam Diagnostics

Gas Supply

‘ Local Remote ControlSystem




Advantages and Drawbacks of ECRIS

1. Advantages
» High intensity for highly charged 1on beams,
O% 2emA, 28U** >1 epA
* Long-term stability and reliability
« Low energy spread (-10*) and low emittance (30-150 )

* High 1onization efficiency
* Very long-life time and no consumable components.
2. Drawbacks:

* Lower beam intensity for highly charged 1on beams of
refractory material .

e (Can not produce short pulsed beam (us-ns)



Physics of ECR plasmas: electron heating and confinement

@ @

Bmax_.________

NS

LAV

Bres| N R=BmaX/ Bmin

Bmin

2 ™

Electrons interact with the RF wave when: wy,=w_+
k// v// (resonance surface wypr = wc ), electron motion

and losses..... Electromagnetic coils
Mirror effect: the electrons bounce between Ton
the maxima of the magnetic field Beam

It was shown early that only the mirror confinement
is unstable versus the interchange instability (curvatt = J
of field lines is not correct) => a hexapole is added . Gﬁl @{:D'EN‘_ @

The hexapole changes the shape of the
field lines, and induces a drift of the electrons;
however this drift occurs along equal-B Multipole (pérmanent magnets)

lines => criterion of the last closed mod B line.



Physics of ECR plasmas: ion production
and confinement

Ions are produced via step by step ionization. Some recombination processes
should be avoided (charge exchange => low pressure is needed)

As they are ionized step by step, ions should be kept enough time in the plasma =>
confinement

As the ions are cold (less than a few eV), as the mean charge of the plasma is high
(heavy ions), it can be shown that the ions are not magnetized (hence not mirror
confined), have all the same temperature. This result can be shown by this hierarchy
of times (Ar9+):

Tij 1, cycl Teonf Teg e/i
2310% | 6,710 107 3,6

Two transport processes push the ions out of the plasma:
diffusion through thermal motion, and through an ambipolar electric field

n
7,=7110"Lq" LnA Jalde (s,cm,cm”,eV)

5/2
i

n
7,=7.110"LgLnA JA TZ%Z (s,cm,cm”,eV,V/cm)

1



Rate equation

(dn -

d_: =R, KoMy + Hgasi]—)ﬂ”]

dn lD]'l

h df - +”ex: 1—»i : |
ionization

= Vv, — e
n\T
937x10° = E, i, dE,
[t

&t = < .=—>r-1(v )V > .
F::—x): 1= que:: lvr\/—(Eyz _E/T)dE

=315% 10", " [ [::m 5

Charge exchanc

Slide from RIKEN Nakagawa’s t



Iq

>

net; (cm “sec)

Beam intensity

nqV

ECR plasma condition

Te

B 0"
s
1010= N % — 1 U%*(10"%m3sec)
B ’ V) USRS KA NG N ﬁ
100 A/ *xe' Kr'TAr NG N _
— i) U KA Ne "N <:] ngs Pegformance ECRIS
 Aie (Ulﬁ*xé“ Kr' AP Né’+N3j‘ (10° cm~sec)
el B | | I | 1 [ L1 [
5 .
10> _ 10 10t 10’
Topt (eV) >
N, Larger
. ion densi \Y Larger
Ay - lon density T, Shorter and longer
q : charge state A Higher (101°(cm-3ms)
V' : plasma volume No lower

Tc: ion confinement time

Slide from RIKEN Nakagawa'’s talk




Maaic ECRIS

Geller’s Words:

A joke by accelerator people in 80s-90s:

“EBIS experts at least understand why their source
performs so poorly, whereas the poor ECRIS people
do not even understand why the ECRIS performs so well”.



Optimization of Intense Highly Charged lon Beam Production at ECRIS

Negative biased disc  Chamber wall coating Microwave frequency

Microwave power

Extraction

| .

(Gas pressure

Gas mixing

Plasma electrode position

Chamber size

Magnetic Field [T]

Injection Side Position [¢m] Extraction Side



Key parameters and scaling law

Solenoid Coils

e heating
K wave

gas

Plasma

Sextupole

Minimum-B field Confinement

Graph from C.Lyneis and D. Leitner at LBNL

- Magnetic field configuration:

B
B

z4 BECR B
~0.8 B

< Brad ~ 2 BECR

inj ext

min rad

Semi-empirical
Scaling law

- Microwave frequency:

e = Bgcr /M =y

| oc ® 2 M 171
« Extraction voltage:

3/2
| oc Uy

» Plasma chamber geometry (length,
diameter) and wall material

« Extraction system (gap, voltage, plasma
electrode position)

» Biased disc (voltage, position)
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 Be able to be operated at 14-18-28 GHz, 1.5-5 -10 KW RF power and
20-30 KV extraction voltage.

e Particular emphasis is put on optimum design and compromise among:

magnetic field distribution, plasma volume, RF power density in the
chamber, big space for injection components and extraction, lower
price, but high reliability and stability.

* Very good cooling to the chamber and other components inside
chamber.

* Provide an extra source of cold electrons through aluminum chamber
and biased disk.

 Minimize possible leakage and losses of the RF power.

« Maximum the pumping conductance at the extraction and injection
side.

e Beam transport line be able to operate at maximum 10-20 mA total
beam for multiply charged ions with a high transmission efficiency and
high Q/m resolution.



Highly Charged ECR Ion Sources

In terms of method to produce the needed magnetic
field configuration :

* Standard ECRIS
* All permanent ECRIS
* Superconducting ECRIS




Magnetic field: 1.5-1.7T, 1.1T IMP LECR3 at 1405 GHZ

RF: 14.5 GHz, 800-1000 W | W B
Extraction: ¢8-9mm, 20 -25kV | | & L s /
Slit: 10-15 mm | "l Oldy”

Faraday-cup: -150 V

Extraction electrode Iron yoke  Axial coils
\ P \ hexapole
p \ ape

ImILElug
/X

Plasma chamber

7777777

Arl* 240 epA, Ar'#* 30 epA
129Xe?" 160 epA, Xe?%™ 95 epA, Xe3* 7 epA

Nil2* 75 epA, Nil3* 57 epA, Nils* 31 epA
Fell* 210 epA, Fel?* 175 epA, Fel3* 141 epA, Fel®* 25 epA



ECR 200 1l magne RIKEN 18 GHz ECRIS
Einzel lens Selenoid coil
\ - ‘n {—— _Iron yoke

~~ Microwaves (18GHz) Main Parameters of the RIKEN

18 GHz ECRIS
Mirror coil
e Maximum current 800 A
'- |—:£]ﬂ Maximum field on axis 14T
= Mirror ratio 3.0
Hexapole magnet
Extraction , = TMP 1501/s Inner diameter 80 mm
electrode o Outer diameter 170 mm
Plasma Bias disc ]{;ngﬂ.} | 2]3(()1 I]?mB
ateria -re-
clectrode Field strength on surface 1.4 T
Micro wave
Frequency 18 GHz
Maximum power 1.5 kW
Plasma chamber
Inner diameter 75 mm
Length 270 mm
Vacuum
Turbo-molecular pumps 150 and 500 /s
Extraction
Maximum voltage 20kV
Hole diameter Orifice 10 mm

Electrode 13 mm




Grenoble ECRIS: GTS




Permanent magnet ECR lon sources

Totally built with permanent magnets
(mirror + cusp fields)

These sources can reach performances
of earlier « hybrid sources ». They are
ideally suited to operation on HV
platforms (few electrical power
required)

Highest magnetic field ~ 1 tesla
—Well suited to 10 to 14 GHz operation

Size of the plasma chamber:
*Radius from 1.5 to 3 cm (the larger, the
better for confinement)

eLength ~ 10 to 20 cm The PISI source built by CEA Grenoble
(operating with a TWT from 12.5 to 14.5 GHz)

The Nanogan series is well known.
New development: for the PISI project. B\:2T,B,,:038T
B 093T,B4:1T

ext -




IMP LAPECR2

i A B g
| i ] | Pumping
Pumping | S60mm |
k.. A
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phe
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b7
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Dipole Current



Se-ctional plot ofL.Ai:'ECRl source

mAs, He+, He2+, B+, C+

Binj 0.62T(1.0T)
Bext 0.56T
Hexapole pole surface 1.1T
Plasma chamber ID 45mm
f 14.5GHz
RF power 1kW
Dimension »102mm X 296mm
Weight ~25kg
Permanent material N45M NdFeB
Lmirror 74mm
Lecr 55mm
HV 30~50kV

* Built for industry application.
* Built for a US company and IMP

, C2+, O+, O2+, N+, N2+, Ar+. ..



IMP ECRIS Evolution from Normal Conducting
to Superconducting Magnet

Xe Beam Current from IMP ECRIS

LECR1 LECR3 SECRAL
10GHz 14.5GHz 18-
eMA eMA 24GHz

lons

Xe20+
Xe27+
Xe30+
Xe35+

Xe42+

20

Superconducting

eMA
160 505
50 455
. 152 Normal Conducting
* 45
* 3

SECRAL(2005), 3.7T,
5-7 kW, 18-24GHz

LECR3(1999), 1.5T, 1.5 kW, 14.5GHz



LBNL ECRIS Evolution from Normal Conducting
to Superconducting Magnet

1 04 3 T T T I
3 -
= 107 3 Normal conducting
A =
= 10°L -
- _
v -
s 10'[ ]
E '
3 10°[
3 ] -
g 0t ] Super conducting
1072 . . . .
10 Arggn Cha1r§'e Stat1e6s 18
ECR (1983) AECR-U (1996)
0.4T, 0.6 kW, 6.4 GHz 1.7T, 2.6 kW, 10 + 14 GHz

Slide from C.Lynies and D.Leitner talk at ICIS09



First successtul SC ECR 1on source

ECREVIS circa 1983

=l s raes -

ECR lon Source Pioneers

Richard Geller

-

":.' ol

%
/4 ar 1\ ok —_
6th ECR lon Source Workshop Berkeley 1985

Yves Jongen, Louvain-la Neuve, Belgium

Slide from LBNL C.Lyneis talk at ICIS09



SERSE in INFN-LNS Catania

First test at 28GHz in 2000 and
demonstrated frequency
scaling up to 28 GHz

Xenon 27+

¥
*.

Built by collaboration between CEA-Grenoble and INFN-LN¢ :

(7]

[ S I
[

u

G. Ciavola, S. Gammino,lFN-LNS,Catania

Superconducting ECR designed for 18 GHz

Tested at 28 GHz 7
|~ {2, from 18 GHz to 28 GHz
e P>3 kW B P de e

0 — afterqlqw ‘ ‘ extraqtion voltqqe (kV) |

o Optimum Bl'a!l at 28 GHZ > 1.45 T 14 16 18 20 22 24 26 28




LBNL VENUS 28 GHz — The first 3"9 generation
ECRIS

Coil #1 Coil #3 Coil #2

Extraction
Injection Side
Side
Aluminum Iron Sextupole Coil

Sextupole-in-Solenoid
Conventional coil structure

Achieved magnetic fields *1997 : Magnet prototype

*2002: The first test at 18GHz
. < < <
Blnl =4 T’ Bext <3 T' Brad-z'2 T *2006-2007: The best results achieved at 28GHz

18-28GHz, >9 kW rf power *10 years from construction to the best results.
*Sextupole lead was burned in Jan.2008 and

Courtesy of C.Lyneis and D.Leitnerat LBNL | has taken more than two years to repair! It will
be online test soon.




VENUS has addressed many of technologies and challenges firstly
Now being incorporated into other 3rd Generation Sources

Advanced cryostat with cryocoolers
Beam transport with high transmission dipole magnet

Aluminum plasma chamber for high power operation with
incorporated tantalum x-ray shield
Water cooling for high power

Ta X-ray shield

. vl 28 GHz ceramic HV break
Courtesy of C.Lyneis and D.Letner at LBNL




LBNL VENUS: Achieved the best uranium

performance
U34*+ 200 epA, U7+ 5 epA
,,,,,,,,,,,,,,,, 250
200 I o* 4kW 28 GHz
— 538 i 34 33 770 W 18 GHz
& O U — & 200 32
..E- 190 | N - “El ,, 35 31 238U
= < T
G 100| ™ - e 7
Lo -
S O i 37 29
r T 100
£ %] aang N ] "
< ol T n = T 38 27
.... i_ cC , 26
o < 50 - 3 25
24 26 28 30 32 34 36 38 40 42 I 2423
Charge State i U
077 —Aj ) ! u L Un U u ! ‘ \
6 7 8 9 10 11

Production of intense highly charged uranium

beams more challenging!

C.Lynies and D.Leitner at LBNL, talk at ICIS09

Mass to Charge Ratio




MS-ECRIS for FAIR

— The third

gne ==t i %Lﬁj
|| | |

T ¥ ¥ Y T

HDesigned specifications

28GHz, B, 4.5T,B,, 3.2 T,B,27T  * // e s
BAIl single coils reached the specified E/ \\ /

demands . }:j \ F) ;
HBut the whole magnet system \\.\_ /

quenched randomly with different L |

ramping strategies (50% maximum) T i T T T e

B Restarted mechanical modification
recently Courtesy G. Ciavola, S. Gammino,|IFN-LNS,Catania



SUSI ECRIS at NSCL/MSU

Current lzads

Vertical links
Solenoid coils

Plasma chamber
Hexapola coils

Moveable injection

flange {+30KV)
1 Moveable puller
Bias disk alactnode
positioner
R~ ¢ o 1 Vi o
Gas e i .i = .. Y —— y E:dfa::‘-l'l]l::rqu
inlet valves {.—1—_ i = | ! ] - 2 = }
" . R “. I i = ] HV. insulator
r = = i — T, B -
=—. | LIF"] " o

| =]
1 | [ o
NN sl e
insulator P [t r
ST T i 2000 Vs
| | | !T I;.r -0 il
= | 1] ]
& 500 Vs | | ___(:-\!
Turbo pumg | J =1
L |
=

BAchieved magnet field
18- 24GHz, B, 2.5 T, B, 1.4 T, B, 1.5T
B Unique feature : Flexible axial field distribution
with 6 solenoid coils
Bchamber volume adjustable from 3.1 to 3.9 1
B Started operation for accelerator at 18GHz

Courtesy of G.Machicoane at MSU

T T T
190 200 210 220

129Xe : optimized on Xe?%*:335euA

1.7kW 18GHz, 300W 14.5GHz




RIKEN 28GHz SC-ECRIS —The fastest construction 3" Generation ECR

SL1 SL2SL3SL4 SL5 SL6

Sextupole

Bi‘s’ij\N3’8T Bmin ‘<1.0T

. JAR
TN B / \\ B, ~2.1T

2 —
EStarted operation at 18GHz / ’ \ X / \
M28GHz test and operation planed in 2010 | '

M6 solenoid coils for flexible field 0 / ‘

-100 -50 0 50 100
Courtesy of T.Nakagawa at RIKEN Z (cm)



All existing or under-construction SC-ECRIS

net structure
ECREVIS, SERSE,VENUS, SUSI, Conventional Structure:
MS-ECRIS, RIKEN SC-ECR.... Sextupole-inside-Solenoid

VENUS in Berkeley (18-28 GHz)

RIKEN SC-ECRIS (18—28VG Hz)

Disadvantage:
Very strong interaction forces;

Advantage:
Higher sextuple field;
Larger plasma chamber;
Higher rf power.

Much longer sextupole;
Bigger source body;
Hard to build

That is why SERSE and VENUS took so many
years to build and MS-ECRIS magnet failed .



IMP SECRAL Utilizes a New Magnet Concept and an
Innovative Superconducting Coil Configuration

Completely New Design!
Reverse conventional structu
Solenoids-inside-sextupole

Iron Yoke and Shielding Sextupole Coil

Iron pole

V- VECTOR FIELDS

Iron Segments as Sextupole
field Booster and coil Clamping, Middle Solenoid
also reduce the stray field

Inject. Solenoid
Extract. Solenoid
Aluminum Clamping Ring



SECRAL 24GHz/7kW — the first 3" generation ECRIS being

deliver thousands-hours-beam for accelerator

operated to

—— i ol
; 7‘1‘1
o " -
i L7 | B ol
1!"

28 25

lon Beam Intensity (epA)

o*

uwave: 24 GHz, P_: 3.5 kW
26 HV=22 kV, | =450 eyA
Slits: 20 mm

optimized on Xe**

Gas: “Xe+ "0,

(Cenditioning time)

27

23

T
20 24 28
Arbitrary Unit

B Achieved magnet field:
18- 24GHz, B, ;3.7 T, B
W2002, fabrication
W2005, the first beam at 18 GHz
M 2009, the first test at 24 GHz

ext

BMSECRAL beam commissioning at 24GHz is
just at initial stage. Better results will

be coming up.

2.2T,B

Xe”™* Beam Intensity (epA)

d XeZ’* keep increasing
/ with 24GHz rf power,
not saturate




SECRAL Beam Transport Line

Designed for 15-20 mA total beam transmission at 20-30 kV extraction

Sextupole coil

Magnetic field shielding

Analyzing magnet:
Bending angle: 110 degree

,\
K
R

A

l[}'

X )

; \

; |

; '

L e

Bending radius: 600 mm

Pole gap: 120 mm



The best results from
SECRAL and VENUS

BMVENUS and SECRAL have led the way in
developing implementations of 3" Gen
ECRIS, and have demonstrated feasibility
and the nice source performance of the
3'd Gen ECRIS, and have provided new
opportunities for related research and
heavy ion accelerators.

B Now almost all record beam intensities
are produced by SECRAL and VENUS

B SECRAL performances at lower
frequency and lower power could be
comparable or even better than those
of higher frequency and higher
power ECR sources.

SECRAL with an innovative magnet
structure and unique features may
open a new way for developing high
performance and compact SC ECR
ion source.

SECRAL | SECRAL | VENUS
Q 18 GHz | 24GHz | 28GHz
<B2KW | 3-4kW | 5-9kwW
HA HA HA
0 |6+ 2300 2860
7+ 810 850
WAy |12+ 510 650 860
14+ 270 440 514
16+ 73 149 270
17+ 8.5 14 36
29Xe | 20+ 505 320
27+ 306 455 270
30+ 101 152 116
31+ 68 85 67
34+ 21 60 40
35+ 16 45 28
38 17 7
A2+ 1.5 3 0.5
43+ 1
MBj | 28+ 214 240
30+ 191 225
A1+ 22 15
A4+ 15 7.7
48+ 4.2 T96.4
50+ 1.5 0.5




SECRAL Operation for HIRFL Accelerator since May 2007

HIRFL Accelerator Compiex

ECRAL _ . )
SECRAL is dedicated only for operation of highly at IMP lanzhou

charged heavy ion beams.

SECRAL




Significant issues during design , construction and
operation of high field high performance SC-ECRIS

B Only if you need high current and high charge state heavy ion
beams, go to superconducting ECRIS.

B To build a high performance SC-ECRIS, you have to achieve
a good compromise among those key issues, such as rf
frequency, rf power, magnetic field configuration, plasma
chamber size, expertise of SC magnet and cryogenics |,
reliability, long-term operation, cost , construction time and
risk.

B Challenges to build high field SC-magnet for the 3¢
generation ECR:
* Need to keep enough safety margin for maximum fields and critical current

* Try to reduce the interaction forces and design a reliable clamping system to
prevent the wires and the coils from moving.

« Stability and reliability of the SC-magnet are the most important for SC-ECR




Significant issues during design , construction and
operation of high field high performance SC-ECRIS

B Challenges to design and operate cryogenics system for the
SC-magnet of the 3¢ generation ECRIS.

* Very strong x-ray with energy tens keV to MeV has to be taken into account in
cryogenics design. Keep in mind that heat load from x-ray: 1 W/kW, much
higher than that from magnet itself. X-ray flux and energy increase with rf
frequency and power.

« High power two stage cryocoolers or close-loop liquefy machine must be
installed for long-term operation of the 3" generation ECRIS.

B Beam quality from the 3" generation ECRIS and beam
formation, beam transmission should be studied carefully. We
only need high brightness beam.

B Reliable interlock and alarm system is very crucial.

B It is hard to build high field 3¢ generation ECRIS. Sometimes
it may take more than 5 years.




The 4™ Generation ECRIS—Future Development
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What SC-magnet structure shall
we design for 4" generation ECRIS?

Some new
configuration ?

1. Sextupole-inside-solenoid 2. Some new structure? 3. Solenoid-inside-sextupole



The continuing demand of higher beam intensities makes
the development of 4t Generation ECR ion sources necessary

4th Gen ECRIS 56 GHz design at LBNL

\ Iron

Yoke
Iron pads
keys

Titanium Pads and
Keys

Extractor
b3S‘n\

Sextupole

Study supported by FRIB R&D funds

Courtesy of D.Leitner at LBNL




The most challenging tasks
in 4" generation ECRIS

SC-magnet with the max field at the coil 15-17 T and the
huge interaction forces between the solenoids and the
sextupole( >few tens tons).

Laboratory available 50-60GHz /10-30 KW gyrotron system
operated at both CW and pulse mode. Long-term stability
and reliability are crucial.

Extremely strong X-ray flux to insulation material and very
strong head load to the cryogenics system. Online close-loop
LHe liquefy machine may have to be utilized.

40-60 mA mixed highly charged ion beam transmission issues.

Technical R&D is absolutely necessary and
should be supported .




Y

Superconducting solenoids+
Heaxpole using permanent magnets

|' Imlﬂmnmm L 1| X:20.
M v
il
X-
ToLTaan
Cryostat 21?0'0
NdFeB Hexapole A

Iron Yoke

Extraction Electrode

Could be LTS or HTS coils

Superconducting Coil

Plasma charker, | Advantage: Compact, lower cost, easier to build.
Disadvantage: Lower hexapole field.




Hybrid SC-ECRIS: SC solenoid+NdFeB sextupole

4.2K/50K  Refrigerator

Thermal Shield

Vacume Chamber

- Thermal Insulateing  Suppon
Superconducting ] RF
Solenoid Coll
~ r v
Hexapole Magnet
= el [ - - i
T | |
& + L e
s | e )
i | T e -
E Electrode L — Gas Inlet
480 555

Courtesy of T.Nakagawa at RIKEN
And A.Roy at NSC/New Delhi

ECRIS developed by RIKEN . 18GHz | eeess, The first high Tc HTS ECRIS
BPerformance of such hybrid é ::‘ée}ONZEd g:l:?n;:?:;k and

ECR is nice, but beam current 2 " R w et

for high Q is not so good £ ! | [F2= B, : 1-85T (SHIVA)

because of low field. § | e ™ her eaitss “u
HMBe careful to demagnetization -

of sextupole due to solenoid Br 5 20 25 a0 35

Charge state (Xe ions)



Theoretical Studies and Modeling of ECRIS

In the past 20 years, a lot of theoretical studies and modeling on

ECRIS, still no clear picture. Few totally self consistent codes,
including all the physics and using as input parameters and the
design parameters.

Input parameters: magnetic configuration;dimensions;incident RF
power,gas (or metallic vapour...) input flux.

Highly charged 1on production and losses.

ionization, recombination, diffusion losses, collisions ......

ECR heating, interactions with various waves.
Electron confinement and 1on confinement.

Simulations of those methods or techniques to
enhance highly charged 1on beam production.

biased disk, gas mixing, frequency effect, magnetic field effect, after-glow....



BECRIS physics for intense highly charged RPN
ion beam formation is far from understanding LC. S
because it is so complicated. )

B Design of high performance ECRIS still
remains semi-empirical and tricky. ‘-

BECRIS physics study is extremely slower that

. Graph courtesy of S.Gammino at LNS
than experimental progress.

WThat is why there has been no big significant | Original and innovative ideas
breakthrough in the past 20 years although that may result in great
great progress has been made. breakthrough for HCI beam

production are extremely

BHigh performance ECR ion source is becoming | Significant at present
a very big machine and too much rely on high
technology instead of new ideas.




ECRIS Beam Quality Studie

aMm
I\ wAllil

More efforts were focused on beam quality
studies in the past few years in ECRIS
community because of accelerator requirements.

GANIL, LBNL, ISN, IMP,.....



Beam quality, beam formation and transmission

JYFL 14GHz ECRIS, Ar8+ beam, H.Koivisto talk at ICIS09
25 m.um
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Conments of Beam Emittance
and Beam Image from ECRIS

Beam emittance from ECR ion source can be increased
by a factor 2-3 for different plasma conditions!

 Higher axial magnetic field, higher rf fequency,
higher rf power and larger extraction aperture may
result in much larger beam emittance of ECR ion
source, although much more beam current!

Beam image and emittance could change a lot when
you optimize ECR ion source. So should be very
careful to tune an ECR ion source during its operation
for a accelerator!
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AC

I do appreciate for those colleagues in ion source
community who sent me their slides. Some of graphs
and slides in this lectures are directly from their

presentations at international conferences or seminar
talks.

All slides in this lectures are only used for OCPA2010
accelerator school
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