Sources d'ions et accélérateurs

le programme de développement au SS1

Resume

Une fois demarrés, les accélérateurs d’ions, que ce soit des cyclotrons, des synchrotronsou méme de simple plate-forme haute
tension, peuvent voir leurs performances décuplées uniquement par l’'introduction de nouvelles sources d’ions. C’est ceci qui est a
[’origine du dynamisme et de l’intérét pour le développement de nouvelles machines.

Le Service des Sources d’lons étant principalement engagé dans la mise au point de sources d’ions lourd (masse supérieure a
celle de hydrogéne), nous rappellerons les principaux procédés de production des ions et tout particulierement les principes de base
des sources de types ECR (pour Electron Cyclotron Resonance).

Nous nous efforcerons de montrer en quoi la mise au point des systemes d’augmentation en charge des faisceaux (Charge
breeding) initialement développé pour le projet PIAFE permettent |’améloriation de presque tout les projets d’accélération en ligne
des faisceaux secondaires. Nous mettrons aussi en lien les différent schéma d’injection des ions lourds au CERN avec les différentes
approches concernant la production de faisceaux pulsés d’ions Pb.
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Sources d'ions et accélérateurs

le programme de développement au SST

1. Introduction : Sources d'ions et accéelerateurs
2. Les sources ECR : [es principes

3. Sources ECR et faisceaux secondaires : production en ligne et charge
breeding

4. Sources ECR et synchrotrons : optimisation faisceaux pulsés / continus

5. Prospectives : PHOENIX “Booster 18 GHz”
A-PHOENIX HTS 28 — 40 GHz
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Sources d'ions et accélérateurs

Ion : Source :
continuous
positive ions pulsed
negative ions low current
light ions high current
heavy ions high brigthness
multicharged ions low brightness
efficiency
ION BEAMS
An , generally per mass unit
An , generally particules/second
A , generally the intrinsic transversal energy spread and the size of
the beam
A , generally the intrinsic longitudinal energy spread and the time
structure
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Sources d'ions et accélérateurs

Sources d’ions et cyclotrons

The cyclotron 18 caracterised by the

parameter K defined by
N NORTH POLE EOR 2
U'SII/CILLAIUH u.:.c.)znc Wﬂmax = K g
AR * A
LIRRpP Y s
Y ] 7 o where W, ig the maximum energy per
| / nucleon achievable, q the number of charge
of the ionand A the number of mass of the
101S.
R*B?
The expression of K 1s K = 2—m where By, 18 the maximal induction, R the mean radius
m
Fl

of the extraction trajectory et m, the mass of the nucleon

Ex. : “88 nch” Berkeley cyclotron, 40 years old, accelerate Bifet up to 6 Mev/uma.
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Sources d'ions et accélérateurs

Sources d’ions et accelerateurs lineaires

An Accelerating Portion of a
Linear Accelerator

For a linear accelerator, the energy is anax oC (q/ A) where W,™* ig the maximum

energy per nucleon achievable, so the number of accelerator gap, so the length of the machine ,
so the price!

Synchrotron are fundamentaly
cychc accelerator , a bunch of
particule 18 mjected, followed by
the accelerating time.

—
]

lon source

So the ion source must deliver a
pulsed beam with a miximum
intensity during some us every
gecond !
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Etources d'ions et accéleérateurs : plasma and ion beam generatioln

A plasma 1s called quasineutral if the number of positive charges per unit
volume equals the negative charge densityI

Statistical and I Dynamical
hydrodynamical 0 description
description
= 4—: —>
lon source . e |
beam /
generation J =pV
with p e'*_ﬁ p i I

+20 kV O kV

The 10on current 1s determined only by 1on temperature, ion density and area of
extraction opening
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Résonance cyclotronique electronique: M,

Les mouvements de l’électron :  mouvement cyclotron simple

mouvement cyclotron dans le gradient (miroir magnétique)
résonance cyclotron simple (passage unique)

résonance cyclotron multiple (stochastique)

collision e-e (diffusion élastique)

collision i-e ( équilibre thermique et collisions ionisantes)
equilibre macroscopique du plasma (n,n; T, T,)

propagation de ['onde UHF (14 GHz) (fréquence de coupure)
champ électrique utile au niveau de la résonance

Effet mirroir ( v;= 0, v, max)

<v

el

Resonance Mouvement cyclotron

cyclotron
(v,  augmente)

Ligne de champ
(mirroir magnétique + multipole)

9

Bl 0

Bl o,

A

(s)
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*Ilulticharged ion production : ronization equitibriu

Balance equation of the density nj of ions in the charge state 1 :

an ioni exc
E;- Znn( j—)f e>+ H—l< H—l—)r )

mi

- .
— H,H, <Cffifl+1 >_ Z nenj <G-;O—>ni ) -—
j=itl 2

Parametric model with ne, {(ve), Ti and nQ arbitrary

ne : electronic density
f(ve) : electronio speed distribution
Ti : ionic diffusion time

n() : neutral density

ionisation cross section:

Gf.r_'oni _ _iom' log ( Ee / Efioni) / waf'onf Ee

with 1) = Kdiff zi2 (or more sophisticated description of ionic

plasma diffussion process)
charge exchange cross section:

f,'fcl — AQ.XC /(EEO}"H)

with :A;om : 1onisation constant
E;°™ : ionisation potential of state i
Ee: electronic energy
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*’IUItiCharged ion prOdUCtion - ionization equilibriun

L A ‘E'Z’
100 Density (cm-3) charge state
= 3 | | distribution
s & B35 .
% e 1 of Argon as a function of
5 g the confinement time of ions
g Z L and for maxwellian distribution
A £ 1E-4—--t-r-ie-
SR of electronic energy
1234567 891001112131415161718 A A N e
123456 78 9101112131415161718
Q(AD)
Q(Ar)
Te =100 eV (maxwellian) Te =300 eV (maxwellian)
1E-2+
IE'Z‘ 1
g 1E3 315-37
3 &
=}
S g4 E 1B-44
.5 1E-4 A
IE’S;;;;;;;;\\\\\\\\ lE_S;;;;\\\\\\\\\\\\\ . . .
123456 78091011121314151617 18 123456789101112131415161718 lonisation Potential
Q(Ar) Q (Ar)
. ; 0~ T+ o
Te = 1000 eV (maxwellian) Te = 10000 eV (maxwellian) Ar’~15eV Ar~ 140 eV
Ar®* ~ 450 eV Ar'®* ~ 1000
eV
7E+10 6E+10 SE+10 4E+10 3E+10 2E+10 1E+10 OE+0 Ar16+ ~ 4400 eV

[ [

m
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High current / high charge state optimization

500 ————————F——F+—7———————+—1——————— 500 — T T T T T T T T T T
I (a.u. I (a.u.)
UL (WU 400 pAe 400 400
400 ]
</> o nT, wo |
200
100
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 ’ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Charge state Charge state
ECR4 14.5 GHz / CERN n(x3) ;(x3) : 1-5 mAe/cm?
1-5 mAe/cm? n, T, n_t . (x10) n/t,= C
5000 5000
I (a.u.) 7 a.u.) 7 ) 4000 MAe
3000 3000 I
2000 2000
0 Ain
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Charge state Charge state
n(x10) t,Cs: 10-50 mAe/cm? n(x3) 7;(+3) 10-50 mAe/cm?
n, T, (x10) n./T, (x10) nt; = C n./T; (x10)
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Ellectron Cyclotron Resonance lon Sourge

bobine de champs mognétigue
arman permonend

amdeur HF

alenenidtion
en gak

d 70 mm

Plasma
Chamber I
L 200 mm

pompe & vide

chambre o plasma bgne de dhamp maognatigue

mne de résmnance rone de plosmoa

eeeeeeee 11

Source
®d 500 mm
L 700 mm
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El|ectron Cyclotron Resonance lon Source : typical spectrym

700 o T | 150 T T [T
Ar i 11+ i
600 - 12+ O+ :
120 —
i 8+ -
7 500 s | N ]
3 400 3 20 B
. 8 13+ |
- 14+ | -
200 i 4 T |
30— —
100 - J LJ U -
0 ool e |
90 100 110 120 130 140 70 80 90 100 110 120 130 140

dipole (A) Idipole (A)

Ar 8 tuning Ar *" tuning

ECR4-M 14.5 GHz / GANIL / 25 KV
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Ehectron Cyclotron Resonance lon Source : source supraconductrice CENG/LNS Catdpe

i

Plasma Source
Chamber ® 1200 mm
@ 140 mm L 1500 mm
L 500 mm

""""""""""""" i
[E=T m=n [=T]
|:|i fzia: ik 5
_5—5 EE] HEXAPOLE H— [
[==11 L= [==1
23 e g1 LHe
10E-7 mbor
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-l T T T I T LI | L) LI I T T T T l T T IAI I T ;-IOI
120 - 1 " rgon s
100 [ P=1400 W
& 80k 14+H n 1+ p=2¢107
= [
<L L
£ 60 T
(@] L
40 E 9+
[ 1
o ff A
0 -1.| ﬂ -Ji N f 1y o | 2 g
2 oNn 3 3.5 4 45 5
MIQ
Pour :

> sources compactes sur trés fortes charges Ar > 14+

Contre :

< sources compactes sur charges moyennes ou faibles Ar < 14+
Compromis fort courant ?
Cott environ 10 fois supérieure
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Experimental setup for the 1+/n+ charge breeding

* Thermoionic (Rb)
1+ Source< -« Hollow Cathode (Zn)
*E.C.R. (Zn, Pb ...)

/ EINZEL lens

/ Defexion plates
Double Source n+

EINZEL lens Minimafios 10 GHz
FARADAY cup 1+ l —[
_.__'.__._lé._ . _._._.F_ it S —— I, o
e []T;j o ==
/ \ Emittancemeter X
EINZEL lens Slits Magnetic Grounded / .
90° Spectrometer steerer injection [
tube 102° Spectrometer ,
/
_—l
FARADAY cup n+

and emittancemeter
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1+ / n+ transformation with an ECRIS for multicharged ions

Equipotential : V +V

extrac.

plasma

Non divergent monoenergetic
1* ion beam at V

extrac.

l n+ beam

Grounded \
tube
Intermediate area : Grounded
neutralizing \ \ electrode
“electronic” sheath Warm collisional Hot collisional = T = Vi
edge plasma core plasma :

B, max injection
B, max extraction

BECR BECR

/ N :

B, min
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Experimental setup for the

1+/n+ charge breeding

Efficiency yields

Delta | measurement

nA

800

| Indium

700

600

500
400
300
200

Efficiency yield (%)

100

80

oL

TR pe——

100 120 140 160

Potassium

O-_NW,r,OIO N O©

9 8
Charge

12 11 10 7

I Spectrometer

Efficiency yield (%)
O = N W A U
|

Indium

Efficiency yield (%)

242322212019181716151413 121110 9 8

Charge

eeeeeeee

3,7 3,7
Strontium

0,7

L
I

16

15 14
Charge

13 12 11 10 9

CSD efficiency yield
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Experimental result with the 1+/n+ charge breeding

Charge breeding time 7, with 3°K Produced elements
é g 8 - Element 1+ "(:eAI;SIty Cl?;rg \((Lzl)d
RN — 20Ne 1000 2 7.5
34 / 23Na 660 6 1.3
230~ 9K 280 6 6.5
§ %ST/ 4y 42 10 2.8
0 - — 69Ga 460 11
4 5 6 7 8 9 Jh(grgg 1 85Rb 90 13
L& 8y 470 14 3.7
% o 11+ % 178 14 3.3
2 oo 109Ag 175 17 3
% §§ Wiy 11510 130 18 3.3
5 02 M}f ::Sn 167 19 4.1
0 + | | ‘ Pb 700 (2+) 25 6.8

0 25 50 75

Time (ms)
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The EBIS charge breeder/stripper versus the ECRIS one

Cathode  Anode SIS besn Solenoid E'fg‘m
- o T collector
N Extractor
| T B HY p i
tS========= T | isoLoe | Mg
e = 50 ke
. o PERNNING
Electron gun Crift iubes — T totarget
\ Ap Fa- and
buncher 7-gap maonatora  detestor
During confinement \—l arr
U Confinement region ~ EEIE Separator IH- MINIBALL
= /) ARy s dgAy(aiA—  RFQ tuetee” H A
Yanode {pdo————— T T == ; 150
UcmmV R \ 1Y plattam 5 kaViu 00 keVA  1.1-1.2 MeViu D.5-2.2 MaWu
UEm

e

The REX-ISOLDE Principle

Phoenix 14 GHz
« Daresbury »

N 9
«z%“@&\t@go
(\\
'@QﬁQ‘b&@,&e&
‘0‘.\09 \g§\‘2
K
%GOO\&
o

Phoenix 14 GHz
Triumf

- .
3€A/qS7 F=6.5MeV/u

E=0.4MeV,/u

A/c<6
E=0.15—-1.5MeV /u
¥ MEBT1 H=DTL1

A/s<30
E=0.15MeV /u

S1

LEBT—Exp.|

Qe eonluim——— | HEBT - Exp.

7 ISAC-2

ISAC-1
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LHC Pb and ion source

LHC Pb luminosity
7 102 cm=2 s

Voie directe
vers le booster

6 mMA
2.5 us

~ 108 ions/bunch

protons
antiprotons

0.25 mA / 450 s

A\

cccccccc

Voie d’accumulation
dans LEIR

Linac 11l rep rate : 2.5 Hz
Ton beam energy : 4.2 MeVin
Electron energy : 2.35 kel’
Electron current : 105 mA

ecam lifetime : 6.5%

Average accumulated intensity : 6E8 ions
Peak intensity : 7.1E8 ions
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PHOENIX strategy to produce High Multi Charged Ton beams

/28 GHz RF medium magnetic Higg RFOPower
ensity

Gyrotron confinement (8 kW/litre) High Current
Multicharged
@ + @ + ﬂ = Ion
Production
h, x 4 with : g
respect to 14.5 PlIcsrcnlgElic;kgge e lsH:nch\n:j’rear:gietd o
GHz ECRIS 9 i

g

Multi Charged Ion

High Current

n./t; ~ maximum
(current density)

Production
WiTh neTi s CST /

nnnnnnnn 270 - Paceal Rartaic - TSN - 2/10/03




PHOENIX 28 GHz

Plasma
Chamber
® 80 mm
L 300 mm

28 GHz
wave guide

nnnnnnnn

/ Source
Hexapole @ 500 mm

FeNdB

L ~ 800 mm

Coils

21

3 x[ 2 Coils x [55 V x 1300 A]] = 214 KW
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PHOENIX 28 GHz : sokr high current beam line

Bending
Solenoid 2 magnet Faraday Cup 1 PHOENIX
+ Emittancemeter — Gap 90 mm Gap 100 mm | n @50 mm 28 GHz / 60 KV

"l\l‘"

'- ’l; -~" ,,ﬂr’ «l
R “” 1
’ %I)l\?j ,’jz"imfrm

Faraday cup 2 Movable Solenoid 1 Movable £ ~| 286GHz [
@35 mm Slits Gap 100 mm Puller Gyrotron
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PHOENIX 28 GHz :

high current extraction (Xenon)

Xel7+ bgam

o
]
-
=l

&35 mm Faraday Cup

Xel8* beam

-
L

=

sl ‘

10.4 emA (Xe?°* 0.6 emA)

cccccccc

3D field map of the
90° Bending magnet

3D field map of the
- / solenoid

1112.5 emA (I;)

3D source extraction fielc
—> and magnetic fringe field
of the source

15 emA (I,,)
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PHOENIX 28 GHz : afterglow control with Lead

800
enA 20+ o
. 700 :
55 KV 19+ -
> @12 mm \
electrode 600 |

21+ 18+
22+, \
500 \

Os-

-
o CHUL L WK
| ,“ W\ 1 N

.=

. | VL
| UV W WY

45 55 65 75 85 95
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PHOENIX 28 GHz

: afterglow control with Lead

UHF pulse
10 ms —

0 ms -

Grenoblse

[ | | I | ] | i | 1 | i | | | il | | | ]
a0 180 2DEI 220 240 260 280 300 320 0 340 380 380 400 420 440 460 480 500 520 540

500,00

02+ Ct N+ Ot
_ -357,14
SRR TN B
-285,71
-214,29

-142,86

-71,43

=
570

0,00
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PHOENIX 28 GHz : high current extraction (Lead)

|
10 emA total current Os: 300 ps pulse |
(preliminary) ‘

. T
0 . V?] ; ’ ;h i WJL 19
L and 1TV WA

45 55 G5 75 85 a5
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Sources ECR et faisceaux secondaires

LINAG -1mAe
= Q/A 1/3
¥ ?
20l
N |
@)
oo
<
g @)
T = = . ]
| “'”\ 3
CSB-2 ? CSB-1
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A-PHOENIX :2T/18-40 GHz HTS ECR source
A CW and pulsed compact ECRIS

 Anupgraded version of the PHOENIX 28 GHz source

Very compact high field machine for high current production
Development of a new coil technology for accelerator

Upgrade of the UHF coupling efficiency

Upgrade of the confinement for high current and/or high charge state
optimization

Higher B, for lower UHF Power

Higher |B| for higher Z

Multi frequency CW functionning at 18 and 28 GHz

Pulsed operation at 40 GHz

Possible application at CERN, GSI, GANIL/LINAG, INFN-LNL, HMI. ...

AN b~

O o NN
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A-PHOENIX : 2T /18-40 GHz HT'S source

20 K compact multipurpose coil for accelerator application

New very compact 20 K cryostat (D, , 160 mm )

(down to 18 mm between the cold coil and the room temperature vessel)

Prototype coil ( tested for 90 A/mm?)

Cold head

Cryostat

Figure 4: Finished prototype coil

ontr at

. us © 1CS .
echnik SO omaghei® i

, nt
Emd‘eéé"aéf@ Dehli) / SPace
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2T / 18-40 GHz HT'S source

magnetic structure

A-PHOENIX

General magnetic structure

@ 100 mm (or less) hexapole
370 mm axial mirror system

2T
|B| lines

HTS coil

3 slices hexapole

with fitted magnet

200 |

—200 |
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S M I S 3 7 0 1 mm extraction hole
imple irror A on ource GHz and no hexap()le

Gyrotron 37.5 GHz

130 KW, m
Il

18 mm extractor puller
(32 mm int. L 35 cm)

Faraday cup extraction Gap 15 mm

Glazer lens

42° magnet

Measurement box

Insulation valve

Turbo pump
500 /s

10 mAe

Ionic pump

3 mAe

A
v
A
v

ISN / Grenoble IAP / Nizhny Novgorod
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Upgrading of the charge breeding system

Injection possible dans
A-PHOENIX ?
Accumulation ?

Purification ?

Nouvel émetteur
18 GHz <

Nouvel injecteur
Mono /multichargés <

Hautes / basses intensités
MicroPHOENIX

o
i
= p
14/18 GHz _
i
|
MicroPHOEMIX
— Y e I F= 1
(I Bl
90° Pk

L 90° ex 102°

S

10 GHz

| _» Aimant 120° « de Lyon »
R=1000 pour le controle des impuretés
et la séparation des tres fortes charges

PHOENIX 28 GHz
devient PHOENIX 18 GHz Booster
> Augmentation du <Z>

Augmentation du |B|
Controle de la largeur de distribution
Controle du temps d’ionisation

cccccccc
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Test benches at the new ISN/SSI laboratory : new sources and new beam lines
An open laboratory with 4 beam lines for ion source development

[ T P T T T P17 11 - T T TF T T T ©1T T T 1© 1T ]
HALL SUD _l Il L LT L
[ — ] A ——» High resolution and B
|| ] |  high acceptance magnet W
?mﬂzn — - (R>1000) ||
RE oo : _ : :
PP ] ! - ||
o - Ol - O O - O e
A-PHOENIX ||
|- 2840GHz [E% - o o] ®  PHOENIX | |
E || Il ™28 GHz" Boostér
T+ = i o L
CIEL| { o L At Gnz ||
L] @ Frl —

High acceptance magnet -
‘I: i 4+ I i} + I . + 1 - + L i} + L - + L i + | N

SSI “I'illg” s 4 beam lines with possible retro-injection system

or the study of the generalisation of the charge breeding / retro injection process on any ECR sources
Y &g 8 g 7k p Y
(metallic ion production, multicharged ion accumulation, very high charge state ion production)
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