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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

1. WHATIS SPIRAL2

SPIRAL?2 (Systemede Productiond'lons RAdioactifs enLigne de Zmegénération) is a
project of linear particles for studies in

fundamental nuclear physiasdinterdisciplinary research

The facility, | arger than existing faci

ty
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

EXPLORATION OF TERRA INCOGNITA

Aln white : 291 natural nuclides
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

SPIRAL2 AT GANIL FACILITY

Salles
d’expériences
_ existantes

&

i " coélérateurs existants

ST - firécte CIME - G1/G2
(‘* Cyclotron CIME

Accélération de noyaux exotiques E < 25 AMeV,
6-8 AMeV pour les fragments de fission

Salle d’'expérience
avec les noyaux exotiques
a basse énergie (DESIR) .

Salle d'expérience > ;
“Super Separator. \ - —-"f'-"“"*_..
Spectrometé .ble Clble-Source deuterons [l ——2
MeV

40

§

T
Ucx
2000°C
i
P
neutrons

200KW deutons @-’» ‘jﬁj_

104 fissions/s

Source Deutons - Protons

“Neutrons for Scient
el 5 mA

The ISOmethod(Isotope
OnLing to produceRare
IsotopeBeams

E= 40 MeV pour des deutons
E = 33 MeV pour des protons



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

ORGANIZATION AND PHASE

Underground atevel
uB® &

133 m r

RFQ

£

LINAC

Diagnostique —e—

L_S ource /

o)

SP2phase 1

In construction since
2008, commissioning
started in 2014

Source de
deutons

d‘ions lourds

Ensemble

cible-source

Boost: yd
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

NEW EXPERIMENTAL AREAS

Neutron beam dump

AcceleratedProtonsand Deuteronsby the SPIRAL2
linac cangenerata neutronssourceextremelyintense

NFS (Neutrons For_Science) are will use these
neutrons for fundamental physics experimentsand
others applications(ex cross sectionsmeasurements
for nextreactorgyenerationfusioné )

Collimator

Ul

Converter cave

SPIRALZ2linac accelerate stable ions at very high intensity.
By nuclear reactions, it will produce extremely rare isotopes
like very heavy, super heavy elements or deficient neutrons
nuclides.

S3 (SuperSéparateurSpectrometre) is design for accept
these high intensity and provide a precise separation degree
in order to reject the contaminants and permit the

Spectrometer identification of the interest nucleus.
Detection




THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

LINAC AND PRODUCED BEAMS

0.75 MeV/n

ECR Source

| max = 1 mA l

Heavy lons
Experimental Area

Deuterons

s

RFQ 88 MHz (a/A=1/3) ﬁ{QWR 88 MHz (beta=0.07) HQWR 88 MHz (beta=0.12)

.

Beam Stop

-

ECR Source
Heavy lons

i
i
i

[ s rro s wie i}

{optional upgrade)

Spiral.

driver accelerator

dt: 20 MeV/n
Hl: 14.5 MeV/n

[ 1 ac =5 mA

Faisceau p+ | D+ ions ions
Q/A 1 1/2 1/3 1/6
I (mA) max. 5 5 1 1
Wg min. (Mev/A) 2 2 2 2

W, max. (Mev/A) | 33 | 20 | 145 8.5

CW max. beam

power (KW) 165 200 44 48

Longueur totale: 65 m (sans les lignes haute énergie)

D*: sourc ECR

lons lourds: source ECR

Hacheur lent et rapide

RFQ (1M1, 1/2,1/3) & 3 regroupeurs

12 QWR beta 0.07 (12 cryomodules)

14 QWR beta 0.12 (7 cryomodules)
Liquéfacteur Hélium 1 KW (4.2 K)

Q-poles chauds

30 amplificateurs RF état solide (10 & 20 KW)
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2. ION SOURCES AND LOW ENERGY BEAM LINES

Salles
d’expériences
existantes

&

» érateurs existants

Salle d’expérience ' cte CIME - G1/G2

avec les noyaux exotiques

a basse énergie (DESIR) . Cyclotron CIME

Acceélération de noyaux exotiques E < 25 AMeV,
6-8 AMeV pour les fragments de fission

Salle d’expérience
“Super Separatot

Spectrometer” (S%) ble Cible-Source

Convertisseur C + Cible UC,
/)‘:‘ fissionsfs
Salle d’expérience

“Neutrons for Science” (NF sy’ NN RFQ Source Deutons - Protons

mA
Accélérateur linéaire 2
‘Supraconduteur LINAC
_E =14.5 AMeV pour des' lons
Ug=3 <
E = 40 MeV pour des deutons
E = 33 MeV pour des protons

Low Energy Beam
g’;’ransport lines (LEBT)

Alg=3, 1TmA

LEBT = LBE (in French)
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ECR ION SOURCES

ECR = Electron Cyclotron Resonance

Metallic (—>)
vapors :
—> Accelerated ions beam
HF power

G- el e e e e

Magnetic field lines

Plasma Chamber

(@)
—N\E ECR
a

Secondary vacuurfp Tt Ob i AAO
Magnetic confinement

Hot electrons

Cold ions

Multi-ionization of ions

Extraction of ions and acceleration {80kV)
10



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

SPIRAL2 Q/A=1/3 ION SOURCE

60kV -
High voltage 2T magnetic field
lons Plasma confinement
acceleration

Polariser

Plasma
optimization

High Frequency : 18GHz

Chauffagedeseélectrons

Atoms Injection

Plasma density
Chemical element

11
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SPIRAL2 DEUTERON ION SOURCE

A Operational since 2009 (CE®aclay

A 2kW 2.45GHz magnetron Pulsed or CW mode
A Up to 50kV bias potential

A 0,15 to 10mA Proton/Deuteron beams

6 000 " . , . , . , . , . , . ,
T " oS "
5 000 e e
__ 4000
< 4
= 3000
o 4
T 2000
O
— 1000
0
T T T T T T T T T T T T T
0 50 100 150 200 250 300
Temps (ms)
—~ 5000 ;
< 4000
N 3000
I 2000+ ——ICF12
O 1000
0 T I T I T I T I
0 5 10 15
Temps (ms)
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LEBT CONFIGURATION

A Why LEBT ?
I Collectionof beams from the 2 sources,
I Selectionof ion needed,
I Ensure a goottansport
I Adaptationto entrance of RFQ
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v

—
IMPLANTATION ANDAA LS 1 7y '

Level-2 |

]

Access to lons source with [

sources by A/Q=3 (60 kV) &
stairs or e
elevator

M N Source H+/D-HE

(40 kV)

LINAC accesk
by stairs or

elevator
o o

14
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IONS SELECTION COMING FROM SOURCE

—Spectre

L. Py< PPy
Ex.sspectre en0Oxygenelissurde-Rhoenix V2

x Protons/Deuterons (LBEZ2): simple magnetic separation

V Dipole LBE2D11 (with water cooled vacuum chambers)

X Heavy lons (LBE1): spectrometer like

V Dipole LBE1-D11 (with water cooled vacuum chambers)

\

40 -20

40

4

0

Position fil (mm)

Beam profile measurement
on LBE1-PR13

V Optical system Object / Image (resolving power better than 1/100)

V Selection slits (cooled)

15
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BEAM TRANSPORTATION UP TO RFQ

A Transmission optimization and emittance preservation

A Give a stable and well adapted beam to RFQ entrance

A Magnetic transportdipoles solenoidsquadrupole&

A Key role of beam instrumentation (dia

LBEESOL11

150
LpFisoL11 L 1 U

~ 50 '
E Jl'lrl"%ﬁrg. ....................
< o N7
igg LBE1O11/13 £1014/16 | LBEiO21/23  LBE1Q24/26 LBE@31/34
o s T T T T T T 5%
Position (m)
150+
1003 W I
~ 507
£ 4 ST
> 50
-100- Fentes
-150 4 ; :

Ex. beam transport inBE1+LBEC+RFQ (envelopes af6 RMS, ~95%)
16



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

FaradayCup

Water cooled
P max: 1,2 kW ( 28D
Pdensitymax: 2120 W/Crh

BEAM TRANSPORTATION UP TO RFQ

Profiler

Secondargemissionmonitor & =
47 Tungstenwires g 150>m
Maximumbeamsize: 80 mm

Imax: 0.321 mAcw

DCCT
Shielding (u-métal +Armco+ coppel
B.W.: 0c 10 kHz ; Noise: A / HZ*
C.W. H.owDutyFactorPulsedViode Operation

I Shielding e- Supress{r gri
M
| —+v

dlill(]l

J,L?éweom

Emittancemeter

Allison scanner
Max. diameter beam: 80 mm
Max measurable anglé&i100mrad
H.V. max: 2.8 kV
Max Beam power: 300 W

N

17
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BEAM POWER CONTROL
x Crucial role for a high power machine

WIL

V Protection:machine, safety, radioprotection —/

V Commissioning machine

V Power increasing on targets

LJ

ClU &

x Control of the peak current

Phases 1 ' 2

3 ' 4 ' 5

Phases of the power increasing during the commissioning

V Froml, (typically 100 pA)
to | .. (6.5 mA) ~Ema

V Controledby a systemto 3slits in =
horizontal.and vertical axis

V Coupling with definition of beam
emittances: when®, e ®

Software dedicated to emittances
definition

94 95

Measurement af ft ! Deuterons beam at
Saclay

18
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BEAM POWER CONTROL
X- Crucial role for a high power machine

WIL

V Protection machine, safety, radioprotection /

V Commissioning:machine 'a

V Power increasing on targets

LJ

ClU &

x Control of duty cycle

Phases 1 ' 2

Phases of the power increasing during the commissioning

V Using electrostatic ;: provide a
pulsed beam

V V and fmax :110.kV, 1.5 kHz

linac beams :110.1%
(500ps @2Hz)

Hacheur(chopper) electrodes

Beam profiler

and

associated
19
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u Type

A LBE1+LBEC: heavy ions with A/q = 3 mafex: 12C4+, 1606+ 20Ng’+, 40Arl4+ S58NjL19+)

PRODUCED BEAMS

A LBE2+LBEC: Deuterons, Protons,,H

U Energy

V lons speed must @@apted to first modulations of RFQ

V Required source potential

1 2

W = QVsou?"ce — (’7 — 1) 77’50(32 ~ §m0U

B =6.553.107"

Ex. Protons: 20.15 kV, Deuterons: 40.27 KR0Q5+*: 53.31 kV,1204*: 59.99 kV

V LEBT beam energy

A
— Vsource = — x 20kV

q

= W = A x 20keV

— ‘/SO’U,?" ce ™~

~

mocC
2q

2

62

20
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EMITTANCES AND PEAK CURRENT

U Emittances

A

A

Transversedd . 1 “mmimra8(Normalized RMS emittance)

200 7 mrh.@rad(Marginal emittance not normalized)
Longitudinal:Continuous beam

U Peak current

V

V

Protons, deuteronamore than 6.5 mA for obtain 5 mA max in the LINAC

Heavy ions 1.3 mA (if possible) for obtain 1 mA max in the LINAC
Ex.1606* 1.3mA 2°Ne’* 0.4mA °Art4* 50 pA,>Nit%* 20 pA

At these low energy at relatively high current, Coulomb repulsion contribute on the beam
(ie: this is thecharge spage

In a magnetic transport line, these forces are compensate
=> beam tuning depend slowly to the current Igfiest tuning using th&” scaling is
possible] )

21
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SPACE CHARGES COMPENSATION
x Compensation phenomena

Created | w °

Beam o ‘;, a®%
V Residual gafonisation 0_1 m: :{:' gl
‘:‘9 °
.o 66.?% 320 25 SO} °6- - :

: ¢ Rt %‘fgsﬁ

V Electron trapping by the beam ol ot °‘?‘ga3*° . Poed TN &
& "’M”:" C:}c‘?;:;l;" e N of
(@potentialpositif) Residual gas % =1 0% "o the parties © :Q

...................................................................................................................................................

V Neutralization of space charges forces

x Not well controlled aspects

V Compensation level (close to 100%)

V Transients aspecis pulsed mode (the -
neutralization is not instantaneous)

V' High contribution of theesidualgaz

L : 5.0 10-°* mbar
nature (type) and pressure level : (Krypton)

Emlttanc@almmmﬂmmﬁﬁ@t
SPIRAtGeperesate (bfafriet)Chauvin)

22
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100% @

x  Sufficiently good

98%

In order to suppress losses by_ e

1]
o

electronic capture 5 o4

€ 92%

90%

x Not to good

88%

ssion (P) / Transmiss|

For decrease the time of the §

increasing of the compensatioh.s,

VACUUM PRESSURE
RN DAL
b & ‘\ h‘\\ 28 ——Xe 474

A \ \\ 200ps
\\ \ 400ps

\
ZCZ \ 800us

S A

(and ameliorate the emittances)?»

80%

1.E-10

1.E-09 1.E-08 1.E-07 1.E-06 1.E-05

Pression résiduelle (hPa, mbar)

1.E-04

Transmission (calculation) and transients compensation (Deuterons case)

as a function of the residual gas pressure

A Vacuum level have to be carefully choose
i Between 16 and few 16 mbar for Protons/Deuterons particles
i Between 1@ and few 16 mbar for working with heavy ions

23



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (1/6)

LBE1 L

g s I!E I I | |
0 s

i i
(i o !!EHEHE‘ “'ﬁ\ |5

PR

P
gk

(lons A/g=3)

Solenoid +

quadrupoletriplet ‘
(& steererg |
e kK I}E dﬂ JE ™ ‘::_ ’ ! \‘ N L1 2l A > 5
M ' i iE 1l |i ::E__' "-7 \ -~ Ay M , 'V C
A 1. !

Source A/lg=3
PHOENIX V2 (18 GHz)
60 kV max 1.3mAmax

24



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (2/6)

LBE1 . ZF
lse sl Isu TN

'}i
ﬂE ﬂglh‘ ‘k'! l I-ig ﬂ: e \w a\ 1

Lo b

wi-ir T
S A

(ions A/g=3)

7

Solenoid +
guadrupoletriplet
(& steererg |
v

_HIJTRTH !! _I;E Iﬂ IiE

P e 435 16

RN

Cleaning sli

Hexapole

90° dipole
Source A/g=3 (r =60 cm,
PHOENIX V2 (18 GHz)  2=06.565)
60 kV max 1.3mAmax
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (3/6)

LBE1

-

PR e e WO "!!'*! IR ol e

!
" R o s e e BT
D""' AL B i
H b
A 4 il
i _

(ions A/g=3)

Achromatic doubledeviation
doublefocusing dipoles + | by
guadrupoletriplet (& steererg T

Selection slit

Solenoid +
quadrupoletriplet
(& steererg 1

- Pem el k=R Sy
R -
*F ' rI ]

Cleaning slit

Hexapole

90° dipole
Source A/g=3 (r =60 cm,
PHOENIX V2 (18 GHz) a=26.565)
60 kV max 1.3mAmax




THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (4/6)

LBE1

. 55 il . -F R . “ ;
: _ , n L IEHIT T By ]2 ey i
lons A/g=3 e Y R T T 1
( q ) St ig iigl.... ‘k ’ ; '! ﬁg I-i:l ) ! HE : Fﬂ -*‘d: § ! E

Achromatic doubledeviation / 4 to RFQ
doublefocusing dipoles + N7 A i |
quadrupoletriplet (& steerery =gl \ A

= PR .....
: I_ b o
T

Selection slit

\ > it
Solenoid + B ey
quadrupoletriplet
(& steerery 1 TP R
"q. |
T R G
H LA g 1 A
toE i i
Cleaning slit
Hexapole ! LBEIPR14
90° dipole X
Source A/g=3 (r =60 cm,

PHOENIX V2 (18 GHz) a=26.565)
60 kV max 1.3mAmax

27



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (5/6)

90° dipole
(r =60 cm,

LBE1

(ions A/g=3)

Achromatic doublaleviation
doublefocusing dipoles +

guadrupoletriplet (& steererg =

Selection slit

Solenoid +
quadrupoletriplet
(& steererg 1

_lean

--I}EIJEIJE

L

M .o 3
t & .

Cleaning slit

Hexapole

Source A/lg=3
PHOENIX V2 (18 GHz)
60 kV max 1.3mAmax

\.F

'-.i
.G

Quadrupoletriplets

H I
;apoie / (& steererg

a=26.565 )
r” ) dih “! I!! I!'! ‘.. l!! “E I!E =l _.a\ “ _' é’;l _,!E ,,,E__ asm F .:,===:._\- )‘ — ¢l :EH
‘ v lkE PR '-‘IE i!E "-” g . ﬂg ﬂ: "\w ﬂ‘ iR’ iii -ﬂ ELHED 22 - i
J || >
B .r __ to RFQ

PR B - N

==

R o

P iy —

e PR

LBEJHX12 LBE1Q21/22/23
90° dipole
(r =60 cm,
a=26.565)
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LBE1 DESCRIPTION (6/6)

90° dipole
(r =60 cm,

LBE1

(ions A/g=3)

Achromatic doublaleviation
doublefocusing dipoles +

guadrupoletriplet (& steererg =M

Selection slit

Solenoid +
quadrupoletriplet
(& steerery 1

_Hlmvn

L LR

L

IiEIiE Ii' Fg
t & :

Cleaning slit

Hexapole

Source A/lg=3
PHOENIX V2 (18 GHz)
60 kV max 1.3mAmax

”:

oy |
.G

Quadrupoletriplets
(& steererg

1t lﬂmm“ A =
o) e

Hexapole

a=26.565)

P
‘D| pR ﬂ:ﬂgﬂﬂ_ "..lI 2] Gy
=
=

= i SN | BE1Q23

R o

4 J3 = B
et |='.'. gl L3 SN —
[z 4 B L !

P !_

LBEIAF21 |

-r_

LBEIPR24

)

A N L
90° dipole AONNE . \

a=26.565)

\\
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN L BE2 + LBEC DESCRIPTION (1/4)

. 4 -..1:.-=I .! !“ = Ui *‘- “‘ S o
A N e 12 B 12 ™ BB TS B 1 i

LBE250L11/12 y>

Doublecoil

solenoid +
steerers
ey LBE2DC11'| ;
H+/D+ source i 1 W (HO+VE)
ECR 2.45 GHz S Ak v A o e
40.3 kV max 6.5mAmax = AR —— - =
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN  LBE2 + LBEC DESCRIPTION (2/4)

lllll

Achromatic doubledeviation
dipoles +quadrupoletriplet
(& steererg

45° dipole
(r =50 cma=0°)

Doublecoil —

solenoid + I -
steerers
H+/D+ source /" / LBEZCF]_Z;
ECR 2.45 GHz AN T
40.3 kV max 6.5mA max < ¥ ’ // | —

v
7 » ’
- "'/ c . » g ‘v'f, /’
Y 5 1 2 e
z s £ ‘ & .

< «
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN L BE2 + LBEC DESCRIPTION (3/4)

45° dipole 10 kV slow chopper
(r =50 cma=0°) Quadrupolequadruplet (&

steererg
. . I | i -
RO i ﬂa‘u LNE KR
S

SSE™ s IR IR ._‘,.[_' (H+, D+, Alg=3 ions)

dipoles +quadrupoletriplet % > - k

(& steerery SR | 5-oPR13 Hacheur S8R LBEE |
vy iy . L - gl Q31/32/33/34
a5 dipole = e ~ s MR A e | 8 RS NP

(r =50 cma=0°)

Double_con I
solenoid + - S
steerers e

N
(1 } 3 4
: .[ g8% 3 y
. N L :

LBE2Q15/16

H+/D+ source
ECR 2.45 GHz
40.3 kV max 6.5mA max

32



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN L BE2 + LBEC DESCRIPTION (4/4)

45° dipole 10 kV slow chopper
_ e Quadrupolequadruplet (& Doublecoil solenoid
LBE2 (=50 cmad) Steerer
9 /
_.gr;2ﬂ~ LJ'f'" hnflmuaa""ﬂ 2 R LBEC
bk <[/ %‘v", o ﬁﬁﬁ‘ﬁ ! (H+, D+, A/g=3 ions)
Achromatlc doubledewatlon Qﬁ’& 3—s|it system v'
dipoles +quadrupoletriplet &6{9‘ . e
(& steerery Bl LBECEH32/33/34 Emittance W@ | oo~y
4 i : metres | S :
45° d|p0|e / . _r_‘_ . LBEGFV32/33/34 !.I!’\ N < ; ) r

(r =50 cma=0°)

Double_con I
solenoid + B
steerers

H+/D+ source LBEC

ECR 2.45 GH |
403 KV max 6.5 mAmax LBEQPR32_ LBEQPR33\ LBEPR34NT »\

.. LBEEGPR35\¥

™ — ,’

%] SOL31/32
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

3. THE SPIRAL2 RFQ

Salles
d’expériences
_existantes

>

érateurs existants

SN - dirécte CIME - G1/G2
Tffw Cyclotron CIME

Salle d'expérience
avec les noyaux exotiques
a basse énergie (DESIR) _

6-8 AMeV pour les fragments de fission

Salle d’'expérience
“Super Separatot’} -~
Spectrometer” (S°) LY ble Cible-Source

Salle d’ expérlanco

Accélérateur linéaire

- supr; onduteﬁ*Ll\NAc
E 5714.5 AMeV pour des ions
Aq=3
E = 40 MeV pour des deutons
E = 33 MeV pour des protons

Nq =3,1mA

Accélération de noyaux exotiques E < 25 AMeV,
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WHY A RFQ IS NEEDED ?

Source LINAC

What we have to put between the source and the LINAC for :
#1: obtain a good transmission of the LINAG,{hc = Isource
#2 : obtain a good efficiency of the LINAC (energy gain per cavity)

?
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#1 : A GOOD TRANSMISSION OF THE LINAC

ANE

Z

_________________

\ stable

N

w

unstable

¢2 ¢s

Production of ions by the source is a continuous beam
LINAC need particles bunches

Phase acceptance ~ 38 (acceleration)

|

Continuous beam produce by the source have to be
regroup in bunches {)

Numerical application :
of o efficiency ocwo o @m ¢ W

X U lof particles are lost if no bunches

36
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#2 : AGOOD ACCELERATION IN THE LINAC

dz

N

Particles must be in synchronism with the
accelerating field in order to have a maximum energy

gain per cavity.

lons speed is imposed by the geometry and the
frequency of the LINAC cavities

Numerical application :
YW OFE>, o o8a Q4 pr0a
| e > e« v lgy
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