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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

1. WHATIS SPIRAL2

SPIRALZ2 (Systeme de Production d'lons RAdioactifs en Ligne de 2¢™M¢ génération) is a
project of linear particles for studies in

fundamental nuclear physics and interdisciplinary research

The facility, larger than existing facility at GANIL Caen will produce “exotic” ions beams
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EXPLORATION OF TERRA INCOGNITA

* In 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 ISOL method (Isotope
On-Line) to produce Rare
Isotope Beams

E= 40 MeV pour des deutons
E = 33 MeV pour des protons
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SP2-phase 1.

in construction since
2008, commissioning
started in 2014

ORGANIZATION AND PHASE
Underground at level
—95m
P 133 m r
RFQ LINAC
DIagnostique e .
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

NEW EXPERIMENTAL AREAS

Neutron beam dump

Accelerated Protons and Deuterons by the SPIRALZ2
linac can generate a neutrons source extremely intense

NES (Neutrons For_ Science) are will use these
neutrons for fundamental physics experiments and
others applications (ex: cross sections measurements
for next reactors generation, fusion ...)

Collimator

o <

Converter cave

SPIRALZ2 linac 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 (Super Séparateur Spectrometre) 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
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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 -
avec les noyaux exotiques
a basse énergie (DESIR)

ne @ - AR

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

Salle d’expérience
“Super Separatot

Spectrometer” (S%) Ens 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

Atoms ; PLASMA
Metallic —
vapors E
= Accelerated ions beam
HF power

Magnetic field lines

Plasma Chamber

WRF = Wee = —|E ECR

> Secondary vacuum (1076 to 10"8mbar)
» Magnetic confinement

» Hot electrons

» Cold ions

» Multi-ionization of ions

» Extraction of ions and acceleration (30-60kV)
10
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60kV
High voltage

lons
acceleration

SPIRAL2 Q/A=1/3 ION SOURCE

2T magnetic field

Plasma confinement

High Frequency : 18GHz

Chauffage des électrons

Polariser

Plasma
optimization

Atoms Injection

Plasma density
Chemical element

11
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SPIRAL2 DEUTERON ION SOURCE

» Operational since 2009 (CEA-Saclay)

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

« 0,15 to 10mA Proton/Deuteron beams

6 000 —mm———m—mm—§F———————F———7———
T " N Ll " "
5000 ——————
4000
< 4
= 3000
N 4
L 2000
O J
— 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 ;
S 4000
~ 3000
L 20004 ——ICF12
O 1000
0 T I T I T I T I
0 5 10 15
Temps (ms)
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LEBT CONFIGURATION

« Why LEBT?
— Collection of beams from the 2 sources,
— Selection of ion needed,
— Ensure a good transport,
— Adaptation to entrance of RFQ
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IMPLANTATION AND ACEESS'

— & r; 1 "“‘;:i_w“;.‘_’-'i\“"
Level -2 |

Access to lons source with

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

Room n°5

A4
\‘\\\‘\
i\

)
X
\

\ ]
/s 1, - \\ ’ — &
i 3 4 !’l' d

(40 kV) " LINAC access '
by stairs or

elevator
=

. o/ 4 -1l /
S ALl 7
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IONS SELECTION COMING FROM SOURCE

—Spectre ® Oxygéne ® Azote ® Hydrogéne Helium A Carbone & Eau |

. A By="?
q
| W B O,
HZU’ w
L. Pi< Py Py
Ex. spectre en Oxygéne issu de Phoenix /2

¢ Protons/Deuterons (LBE?2): simple magnetic separation _ e

v" Dipole LBE2-D11 (with water cooled vacuum chambers)
s Heavy lons (LBE1): spectrometer like | \___

v' Dipole LBE1-D11 (with water cooled vacuum chambers) et profile mesearement

on LBE1-PR13

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

v" Selection slits (cooled)
15
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X (mm)

Y (mm)

BEAM TRANSPORTATION UP TO RFQ

Transmission optimization and emittance preservation
Give a stable and well adapted beam to RFQ entrance
Magnetic transport : dipoles, solenoids, quadrupoles...

Key role of beam instrumentation (diagnostics, slits ...)

LBEC-SOL11

LBE1-Q24/26 LBEC-Q31/

LBE1-Q11/1M F1-Q14/16 lI—IJLBEl-Q21/ZE?.

| : : : : :
10 15 20 25

Position (m)

(8, ]

Fentes

s 1w s 20  x
Ex. beam transport in LBE1+LBEC+RFQ (envelopes at V6 RMS, ~95%)

16
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BEAM TRANSPORTATION UP TO RFQ

Profiler

Secondary emission monitor

47 Tungsten wires @ 150 um

Maximum beam size: 80 mm
Imax: 0.1-1 mA cw

Faraday Cup

Water cooled
P max: 1,2 kW ( 250°)
P density max: 2120 W/Cm?

DCCT

-

Shielding : (u-métal + Armco + copper)
B.W.:0—10 kHz ; Noise: 1 pA / Hz”
C.W. + Low Duty Factor Pulsed Mode Operation

I Shielding e- Supress{r gri
M
| —+v

dlill(]l

J,L?éweom

Emittance-meter

Allison scanner

Max. diameter beam: 80 mm
Max measurable angle: £ 100mrad
H.V. max: 2.8 kV
Max Beam power: 300 W

/‘ . -

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

v" Protection machine, safety, radioprotection —/

v" Commissioning machine

v Power increasing on targets

LJ

ClU &

s Control of the peak current _/
Phases 1 ' 2 I 3 ' - : 5
Phases of the power increasing during the commissioning

v From |, (typically 100 pA)
0 |y (6.5 MA) =

v Controled by a system to 3 slits in
horizontal and vertical axis -

v" Coupling with definition of beam <:>
emittances: when | 4, ¢ 1 |

94 95

Measurement of 50uA Deuterons beam at
Saclay

Software dedicated to emittances
definition

18
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BEAM POWER CONTROL
¢ Crucial role for a high power machine
v" Protection machine, safety, radioprotection b / '
v" Commissioning machine "4 I :
v Power increasing on targets / ’/ >
¢ Control of duty cycle . . . .

Phases of the power increasing during the commissioning

v" Using electrostatic : provide a
pulsed beam

v" Vand f max : 10 kV, 1.5 kHz

v" Duty cycle : typically for the first |
linac beams : 0.1%
(500us @2Hz)

Hacheur (chopper) electrodes Beam profiler and associated “scrapper”
19
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PRODUCED BEAMS
> Type
« LBE1+LBEC: heavy ions with A/g = 3 max (ex: 12C4*, 1606+ 20Ne7+ 40Arla+ S8NjL9+)
- LBE2+LBEC: Deuterons, Protons, H,*

» Energy

v" lons speed must be adapted to first modulations of RFQ

v" Required source potential

2
1 mocC
W = QVsou'rce = (’7 - 1) m062 ~ —mO’U2 =4 I/sou,'rce ~ . 62
2 2q
A
B =16.553.10"% B Viource = — x 20kV
q

Ex. Protons: 20.15 kV, Deuterons: 40.27 kV, 1606*: 53.31 kV, 1204*+: 59.99 kV

v LEBT beam energy

= W = A x 20keV
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EMITTANCES AND PEAK CURRENT

» Emittances

« Transverses: 0.1 a 0.3 m.mm.mrad (Normalized RMS emittance)
200 a 500 =.mm.mrad (Marginal emittance not normalized)

* Longitudinal: Continuous beam

» Peak current

v" Protons, deuterons : more than 6.5 mA for obtain 5 mA max in the LINAC

v Heavy ions : 1.3 mA (if possible) for obtain 1 mA max in the LINAC
Ex. 1506+ 1.3 mA, 2°Ne’* 0.4 mA, 40Art4*+ 50 pA, *8Nit* 20 A

v’ At these low energy at relatively high current, Coulomb repulsion contribute on the beam
(ie: this is the charge space)

v In a magnetic transport line, these forces are compensate :
=> peam tuning depend slowly to the current level (first tuning using the Bp scaling is
possible ©)

21



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

SPACE CHARGES COMPENSATION
s Compensation phenomena

Created | w °

Beam [ ‘;_ o®o%
v" Residual gas ionisation 0_1 *‘;‘:% ’ :{:5; gl
o %?% 320 204 90,
- . s %%99
v" Electron trapping by the beam ol ot °‘?‘ga3*° . Poed Po 308G s

a2 »;‘, 8 8°.0"° :
. . 0o 0 P “op 20 p ejection of X (8P
(@potential positif) S fy  thepanicees O S

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

v" Neutralization of space charges forces

s Not well controlled aspects

v Compensation level (close to 100%)

v" Transients aspects in pulsed mode (the
neutralization is not instantaneous)

v High contribution of the residual gaz

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

Emlttancé:samemamétheatrﬁi?ﬁbent
SPIRALZ@miranset(by (hyUXidthauvin)

22
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*

4

L)

Sufficiently good

in order to suppress losses by
electronic capture

Not to good

For decrease the time of the
increasing of the compensation
(and ameliorate the emittances)

Pression résiduelle (hPa, mbar)

Transmission (calculation) and transients compensation (Deuterons case)

as a function of the residual gas pressure

Vacuum level have to be carefully choose
— Between 10 and few 10-° mbar for Protons/Deuterons particles
— Between 108 and few 10" mbar for working with heavy ions

VACUUM PRESSURE
100% @ . —=—D+ & H+
’ q""*\ \k -_‘.h-"“"-\h‘\ . $+Ar14+ 0
98% ‘\ N \Z8 —o—Xe 474
5 96% h \\ 200us
E 94% \\ \
é 92% \ 400ps
E 90% \\ Eﬁ
% 88%
$ \l \ 600us
5 86% \
T o84% ZCZ \ 800us
ﬁ \ \
80% L} L] T
1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04
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LBE1 DESCRIPTION (1/6)

Solenoid +
quadrupole triplet
(& steerers)

(ions A/g=3)

L BE1 i

g s I!E I I | |
0 s

P H
i o !!E!!EHE‘ ‘a\ |E

PR

P
B

LBE1 SOL11

!! --I_;E'_!E'_!E ™ :

v

\D A
\W7Z

I iE IiE Ii : :-‘—_l. ar _“—

Source A/g=3

PHOENIX V2 (18 GHz)

60 kV max — 1.3 mA max

24



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

L BE1

. s
'!E EEHEL ) '!E ls]issl 5_. o

g S
ﬂg ﬂgl_, ‘k'! l ﬂ: I-iE '::l" \w a\ 1 e . .% _.__

|‘\ i

wi-ir T
S A

(ions A/g=3)

7

Solenoid +
guadrupole triplet
(& steerers) l

v
_HIJTRTH = TR &
P e 435 G
1 5
Cleaningslit | | = " llgsemesl B = EpEUpmsse = § OIS TSN | R
Hexapole
90° dipole
Source A/q=3 (p=60cm,
PHOENIX V2 (18 GHz) 0=26.565°)

60 kV max — 1.3 mA max



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN LBE1 DESCRIPTION (3/6)

L BE1

-

PR e e WO "!!'*! g W alay

!
-8 8 o e Exn A S S
Dilf- AL g B e
+ b
i il
_ _

(ions A/g=3)

Achromatic double-deviation
double-focusing dipoles + i
quadrupole triplet (& steerers) =III

Selection slit

Solenoid +
guadrupole triplet
(& steerers) 1

W = o ELHR LR A b _
L ! - Lt S
Cleaning slit
Hexapole
90° dipole .
Source A/g=3 (p=60cm, E
PHOENIX V2 (18 GHz) 0=26.565°)

60 kV max — 1.3 mA max



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

90° dipole

-

(ions A/g=3) 2 AN el e W M el TS

i T R R o |
‘QII =-.' i ;HE ﬂE'“ N ---. ﬂgﬂ: Ly _ : -.i R . i E

Achromatic double-deviation
double-focusing dipoles +

Emittance- } ‘
metres ®» LBE1-AF11

Selection slit

Solenoid +
guadrupole triplet
(& steerers) 1

'-.i
.G

W =, 1 ek
LI A BT iy

1 !

Cleaning slit
Hexapole | LBE1-PR14
90° dipole \

Source A/g=3 (p=60cm,
PHOENIX V2 (18 GHz) 0=26.565°)

60 kV max — 1.3 mA max



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

90° dipole Quadrupole triplets

Hexapole
(p=60cm, / / (& steerers)
LBE1 0=26.565) ==
(ions A/g=3) o L ug l;g l;! ‘. M ....'!E islisRe =gy _.ﬁﬁjﬂ I" T b
‘DII PR ‘-rf gai ﬂgﬂ: ’\Wn TR 'iE A [“F i
2 [ senans >

Achromatic double-deviation
double-focusing dipoles + ' m
quadrupole triplet (& steerers) =M PR

==

\ I
Solenoid + = -._:
guadrupole triplet e

(& steerers) 1

_lean

Selection slit

[+ PR

'-.i
.G

--I}EIJEIJE

L ! e G HE ST

Cleaning slit

Hexapole LBE1- HX12 LBE1- Q21/22/23
90° dipole ‘
Source A/g=3 (p=60cm,
PHOENIX V2 (18 GHz) 0=26.565°)

60 kV max — 1.3 mA max
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LBE1 DESCRIPTION (6/6)

90° dipole

(p=60cm,
LBE1 01=26.565°)

(ions A/g=3)

Achromatic double-deviation
double-focusing dipoles + ' m
quadrupole triplet (& steerers) =M PR

==

\ =
Solenoid + Lo '._:
guadrupole triplet

(& steerers) 1

_Hlmvn

Selection slit

(R PR

"q.
.G

--I}EIJEIJE

] ! B Ii' =

Cleaning slit
Hexapole
90° dipole
Source A/g=3 (p=60cm,
PHOENIX V2 (18 GHz) 0=26.565°)

60 kV max — 1.3 mA max

Hexapole

Lo

‘D' PR ) 1 G DT PR R

)

LAY
AJ &
e a 7
= A \

LBE1-Q24/24/26

NN\

Quadrupole triplets
(& steerers)

el lﬂlm%! =T

| LBE1-Q23

LBE1-AF21

LBE1-PR24

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

HEEH I -.i;::l -! !F‘ nmix IH i “"' “' — L
S S 1 ™ B 1 10 [ [ e =

Double-coil _{
solenoid +
steerers
— e LBEZ DCll
H+/D+ source o1 W y (HO+VE)
ECR 2.45 GHz - i, | i

40.3 kV max — 6.5 mA max e _ I+ A Rt v i gt

S~
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN  LBE2 + LBEC DESCRIPTION (2/4)

lllll

Achromatic double-deviation
dipoles + quadrupole triplet
(& steerers)

45° dipole
(p =50 cm, a=0°)

Double-coil " '

solenoid + , I -
steerers e

—

%" (Be2-CF12 ¢

ECR 2.45 GHz . ARV ;/ : .
40.3 kV max — 6.5 mA max = v // U5 A —

H+/D+ source

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
(p =50 cm, a=0°)

steerers)
\ . M | i
RS o ﬂa‘u ] R Eas
i Ii ._l.j.i _’==_‘__=__":JE :":-! =
T ] A .

Quadrupole quadruplet (&

AT e g IR R -“Ts (H+, D+, A/g=3 ions)

Achromatlc double-deviation ;
dipoles + quadrupole triplet o = e k

(& steerers) OP® LBE2-PRI3 | Hacheur SHET  LBEC
45° dipole = & | ‘{ : Ry "% Q31/32/33/34
(p =50 cm, 0=0°) ; | <O\ L' SRS W IN | ’

Double-coil " '

solenoid + I
steerers ey CF

)
A £ A\
\ ¢ N\
4 ’\ ‘ 3 £
. g8% 3 y
‘ '..f-r ,[ - A

LBE2-Q15/16 ¥

H+/D+ source
ECR 2.45 GHz
40.3 kV max — 6.5 mA max
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THE SPIRAL2 ACCELERATOR AT GANIL-CAEN L BE2 + LBEC DESCRIPTION (4/4)

45° dipole 10 kV slow chopper

Quadrupole quadruplet (&  Double-coil solenoid

steerers)

R SRR e N mnu."l*l‘ “" "R/ toRFCi LBEC
T 1 O e T ™ o ﬁﬂuﬁﬁﬁ‘&(“ becT (H+, D+, A/g=3 ions)
\V/

Achromatic double-deviation =, ‘9 AN 3-slit system

dipoles + quadrupole triplet
(& steerers)

45° dipole — ‘, - e
(p =50 cm, a=0°)

. _ . -—
LBEC-FH32/33/34 Emittance- W@ | prc cr34
LBEC-FV32/33/34 "y MU NSl e ooy

!-
A

Double-coil " '

solenoid + “_._I
steerers

b
&CF

s |
-f==

I

H+/D+ source

ECR 2.45 GHz Sl , SOL31/32
20.3 kV max — 6.5 mA max LBEC-PR32 LBEC-PR33 LBEC-PR34 N 4 Yer :

B\
_ ¥ b NS

R .\&3 XE
<. LBEC-PR35 IM'aN
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3. THE SPIRAL2 RFQ

Salles
d’expériences
. existantes

>

& o P ‘ érateurs existants

SIS § W s Lignedirécte CIME - G1/G2
avec les noyaux exotiques ol

a basse énergie (DESIR) Cyclotron CIME

6-8 AMeV pour les fragments de fission

Salle d'expérience

“Super Separatot} G
Spectrometer” (S°) TN ble Cible-Source

Salle d’expérience

“Neutrons for Science” (NFS) NS

‘supraconduteur LINAC
E 5114.5 AMeV pour des'ions
A q=3 -
E = 40 MeV pour des deutons
E = 33 MeV pour des protons

Accélération de noyaux exotiques E < 25 AMeV,

NEOW Source Deutons - Protons
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Source

WHY A RFQ IS NEEDED ?

LINAC

What we have to put between the source and the LINAC for :

#1 : obtain a good transmission of the LINAC (I, ;nac = lsource)

#2 : obtain a good efficiency of the LINAC (energy gain per cavity)

?

35
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#1 : A GOOD TRANSMISSION OF THE LINAC

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

Phase acceptance ~ 3 @, (acceleration)

*woo \1'

Continuous beam produce by the source have to be
regroup in bunches (f.)

unstable

\ stable ®  Numerical application :

& = —30° => efficiency= 3x30/360 = 25%

S

08 P, -, 75% of particles are lost if no bunches
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#2 : AGOOD ACCELERATION IN THE LINAC

2

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

Beam -

3 dT—TTf dT_dz_dz _2dz  2dz
_ -2 v fc ﬁ_cTrf_ .
£ \
=
S o = € i .. _
= dz\ R / Numerical application :

-2 < \’ 88 MHz=>1,, = 3.4m dz = 10 cm
. . , A g = 0.06 => W Protons = 1.6 MeV

0 0.05 0.1 0.15 0.2 0.25 0.3
z (m)
37



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

IDEAL SYSTEM BETWEEN SOURCE AND LINAC

Groupement
Source _— e . LINAC
Accélération

t t

50 - 100 keV 1.5 -3 - 5 MeV en paquets T+

-1- Efficient bunching at the RF frequency
= Set of “bunching cavities” at f, (adiabatic bunching, p > 95%)

-2- Acceleration at high energy (V... > 1 MV)
= Set of “accelerating cavities” at f,; (LINAC)

-3- Radial focalization in order to don’t lose particles
-1- + -2- = RF structure => Radio-Frequency Quadrupole (RFQ)
First publication : 1.M. Kapchinskiy, V.S. Tepliakov, Prib. Tekh. Eksp. 2, 19-22 (1970)

At Los Alamos : R.H. Stokes, K.R. Crandall, J.E. Stovall, and D.A. Swenson, “ RF Quadrupole beam
dynamics”, PAC79

In Europe (LNS-Saclay) : J-L. Laclare, M. Olivier et all, design in 1982 => 1t beam in 1984
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FEW ASPECTS OF RFQ

The electric field oscillate at the RF frequency
=Transport of the particles in a series of focusing and defocusing
quadrupoles

——

A
ANV AV AV Y

X-plane

Alternating focusing
No E, longitudinal component = No acceleration

Electrodes modulation des électrodes in order to create a
longitudinal component E,(z)

= Continuous series of “cavities”

= Radial focusing
+ Progressive bunching of the beam

| Bottom !

+ Acceleration of bunches
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5 SECTIONS OF THE RFQ (1/5)

» Section 1 — Radial adaptation at the entrance (“Radial Matching section”)
Make a beam with small dimensions (r,,,, ~ 5 mm)
Progressive adaptation of the beam at the RF focalisation (as a function of time)

Acceptances without radial adaptation

ACCEPTANCES WITHOUT RADIAL MATCHING SECTION, (X dXdt) ACCEPTANCES WITHOUT RADIAL MATCHING SECTION, (Y dY/dr)
L)) S S — ; i T I— S S T
1
i
) 05 .
1 ;
g £
05) 5 05
1 x
T
|
|
15}- - L
‘ 1
5 0 1
X mm
ACCEPTANCES WITH RADIAL MATCHING SECTION. (XdXde) ACCEPTANCES WITH RADIAL MATCHING SECTION. (Y. Y dr)
T T 15 T
o
04
05)
g 02 E
0
§ 8
302 5
0
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5 SECTIONS OF THE RFQ (2/5)

> Section 2 — Shaper section « Mise en forme des paquets »
Almost no acceleration (ds ~ — 90°)
Very slow increasing of the modulation for start the adiabatic bunching

Particles of group at the center of the bucket W-¥S (MEV.) VS. PHI-PHIS (DEG.)
.20

Good emittance / little halo

A0

N
o o
I |

.
-
L] N .
-
. '3
;
5
3

(o]
L

. e s . U
o N B
(=]
PR IS
<j
1
-

L

A
.
. .
,
- Io ~ T r
+ .
.'"-.a--- -""‘

Modulation des pdles verticaux [mm]

o N B OO
I 1 L

0 1 2 3 4 5

-.20
RFQmI 245 -23 0 23
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5 SECTIONS OF THE RFQ (3/5)

» Section 3 — Adiabatic bunching or “Gentle buncher section”
Progressive acceleration until nominal acceleration rate
Progressive variation of phase @, (—90° => —30°) and modulation (1.1 => 2.0)

W

20 +

[©2 B o]
| L

N
1

a4 a4 a4
N

o
L

Modulation des péles verticaux [mm]

o N I o
L I L I

- T T T T T
0 1 2 3 4 5
RFQ [m]
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5 SECTIONS OF THE RFQ (4/5)

» Section 4 — Acceleration or “accelerating section”

Constant parameter for the maximum accelerating rate
&, = —-30° modulation =2, V=V__,

N
o O
| |

»
L L

N
1

= A A A
N

o
I

Modulation des poles verticaux [mm]

o N B~ O 0
1 ! I L

0 1 2 3 4 5
RFQ [m]
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5 SECTIONS OF THE RFQ (5/5)

» Section 5 — Exit matching section

Taking into account of the fringed fields (champ de fuite) at the exit of the RFQ
(radial and longitudinal effects)

~1.0
.. & 1.9 1.5 2.¢
L/ax

Fig. 3. Change in energy of a particle in the fringe
region as a function of fringe length L
plotted for several initial phases o,
assuming potential function from eq. (7).
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Apertures (cm), voltage (x100kV), D

—
o

L . §
N A

Energé(MeV)

c o o
o N M O o©

-

PARAMETERS OF THE SPIRAL2 RFQ

N
o

-90

- Mean aperture RO (cm) -
] == Min aperture a (cm) C
. Vane voltages (100xkV) -
] — Deuteron energy / -
| Phase (deg) — -
] —7 -
— — /// :
: )4 :
] // -
: 4 E
| / :
] ___,/ -
1 | | |
2 50 100 150 200 250 300 350 400 450 5(10 530
Z (cm)
Shaper section Gentle Accelerating section
Buncher
section
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BEAM CALCULATION OF THE SPIRAL2 RFQ

[27/08/2013] [ O:\Toutatis\SPIRAL 2\testrfg.plt ] Plotiin - CEA/DSM/IrfufSACM

Ele: 280 [5.07909 m] NGOOD : 1000000 / 1000000
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FROM PROTOTYPE TO OPERATION

Prototype

Careful attention must be taken :

» To obtain tension law and the good frequency

» Cooling

» Manufacturing tolerances (+65um) and assembly (+£100um)

ey
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FROM PROTOTYPE TO OPERATION

On site ...

i weaq J0j Apeay

48



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

4. THE MEDIUM ENERGY BEAM TRANSPORT (MEBT)

Salles
d’expériences
existantes

&>

- érateurs existants

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

aédirécte CIME - G1/G2

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

Salle d’expérience
“Super Separatot -
Spectrometer” (S%) e ble Cible-Source

Salle d’expérience
“Neutrons for Science” (NF S)

Accélérateur linéaire
‘supraconduteur LINAC
'E 514.5 AMeV pour des ions
Alq=3 \‘-\
E = 40 MeV pour des deutons
E = 33 MeV pour des protons
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GENERAL VIEW OF THE MEBT
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BEAM CHARACTERISTICS AFTER THE RFQ

RFQ exit:

* Beam : bunched (88 MHz)

« Speed:p = 0.04 ﬁ
 Current: 100 pAto 5mA ,\
* Power:upto7 kW _..—,5)

« Particles : Protons, Deuterons, heavy ions
* Mass/charge ratio A/q: 1to7

* Energy: 0.75 MeV/A

* Dutycycle : 0.1% a 100%

8 1
] [ Example: i )

] Fac vue ' P ] Profile vue
i I Foe Feond o Deuterons ; e

o at 5 mA

Z is the beam direction (longitudinal
axis)

0.01

0.001
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BEAM CHARACTERISTICS : TIME STRUCTURE

Y (_mm) = T Z(mm) - Y(mm)

vertical axis 8 1
6 Structure needed for acceleration in LINAC I
4 s I 2 » ‘I‘ i ; :—0.1
2 ﬁ
0 ;D.Dl
-2 |
4 1 0.001
-6
8 5 0.000 o

Z (mm) = longitudinal axis

Bunch frequency : 88 MHz (=88e6 pulse/sec) = time between pulses=12ns or 130 mm or 360°

The duty cycle is the ratio over 1sec when the beam is On

=1 second

<€ >

At Spiral2 the duty cycle : 0.1% to 100%, macro pulse length 1ms to 1s

88000 pulses
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RELATION IN THE LONGITUDINAL PLANE
At SPIRAL?2 : =88 MHz = T=12ns or 130 mm or 360°

Z(mm) - Y(mm)

Y (mm) Sf
= 6
vertical , %

axis

@ o &~ N o

v

-400 -300 -200 -100 0 100 200 300 400
Z (mm) =
longitudinal axis

Z(mm) - Z'(wrad) P(deg (@88.0525 MHz) - W(eV) T(ps) - W(eV)

1
[ 400,000

200,000

-0.1

-200,000

-400,000-|

A N N 400,000
20 10 0 10 20 -10-5 0 510 -400-200 0 200 400
P0o=0.279 deg
Wo=39.9419
MeV

Beta = 0.203144575 Gamma = 1.021295366

Ex : Mo = 1875.61340548 MeV

deuterons  sigma_z [rms] = 3.3051 mm

beamat  <igmarme (me L Sa2704 ps & D esston mm
AOMey  SITESEIITIEE0S & g e g

3 dT = 8.78784 ps
_ dw =0 ev

Sigma_Energy [rms] = 39889.0181 eV

Beam is known by :

E, charge g and frequency f in Hz
Bunch length is define by quantities :
= o, (m),
= 0, (degrés) (phase length)
= gy (s) (time length)

We have :
sS)XBA .
o, (m) =22 (defggs)xﬁ with 2 = 0/
oy XBc(m/s) gy ()
o (m) = = 360X f and oy (s) = 3gpo><f

And standard deviation in energy oy is the
og(MeV)

longitudinale divergence : o, (rad) = Z2==->

0,1 the standard deviation = \/% xrii(a; — a)?

where a Is an uniform law
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BEAM CHARACTERISTICS : PHASE SPACE

Phase spaces, emittances: ¢

X(mm) - X'(mrad) Y(mm) - Y'(mrad) Z(mm) - W(MeV)

Y

_—D.Dl 0_

—0.01

0.001

000 g __

0.0001

Horizontal Vertical Longitudinal

Large transverse divergence + space charge

Example : One particle with 5 mm, 50 mrad — after z=10cm, position is 10 mm
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MEBT STRUCTURE

Quadnipole Q11

Propulseur Ca

Main elements

10 quadrupoles with horizontal or vertical steerer
3 rebuncher

3 sets of vertical and horizontal slits

3 sets of beam profilers (vertical and horizontal)

Focusing devices

Acceleration = 1 device for transverse emittance measurement
= 1 DCCT (beam current)
Dlag nostics = 1 rapid Faraday cup

1 FCT (current and phase extension measurement)

= Electromagnetic dipole

Bunch selector = Beam stopper
= Rapid chopper (bunch suppressor)
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MEBT DIAGNOSTICS

&4y DCCT+ACCT
e | 0- 300 kHz
A= Part of MPS

Slits H
X

Slow Faraday cup ——> ¢
3kW CW- 5.3 kW/cm?max &

et ‘;r-"%?"“

W,

1S

Fast Chopper -F.C. T
- BW>156GHz

- Harp S.E.M profilers e - - Bunch length measurement:
L.D. F. P. M. operation - Fast F. C. (B.W.>15 GHz)
D = few 100 ps, T: ~ 100 ms up to 1s 400 W max. D= 45 mm
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MEBT FUNCTIONS

H

i

AHRT
:

|

The 6 main functions of the MEBT :
1 — Provide focusing and maintain the beam bunched at the RFQ exit
2 — Ensure a possible upgrade of the accelerator with future A/Q=6 beam line

3 — Maintain beam bunched for the LINAC
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1- GET THE BEAM FROM THE RFQ

B
Pompe Cryo CF200

Vanne CF160

Pompe turbo CF160

@ ‘. '+ "+
£l ik

Pompa cryo CF160

Vanne CF160

Pompe turbo CF160

TraceWin - CEA/DSM/Irfu/SACM

ME-Q11

Position (m)

Position (m)

204

E e ——
E 10 :W LME-FR21 MEQ21 LME-Q24 __—__\
£ 0 g | i I :
N-10_§“"*-\..._______._.—_._._______________A_____,__ I coni
20— =T L — T — T — 1 "

0 1 2 3 4 5 6 7
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2 - UPGRADE OF THE ACCELERATOR WITH FUTURE A/Q=6
BEAM LINE
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2 - UPGRADE OF THE ACCELERATOR WITH FUTURE A/Q=6
BEAM LINE

Futur RFQ 1/6

7Syl e —iery

"

Ll

A =t

i

g‘; Futur source
a2 1/6

(8- R

1 J==) g
| P SR == - N SO O - -
e i ‘éﬁinﬁ*g;‘ifl:*-? e

[ sﬂi-T_d-yuww =)
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3 - MAINTAIN BEAM BUNCHED FOR THE LINAC

f‘ S Ez(t)

RF field in a cavity

204

10

Bunch length in mm
(eq to time)

Z (mm)

_10_

-20

>t

RF buncher principle

Staying in the linear part of the accelerating field
o For E=0 : speed is constant

o Arrive in advance, particle is slowing-down
o Arrive late, particle is accelerate

Y
T == = » ee e
> Z

1Y T S
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4 - CLEANING THE BEAM

’ 6’ X’ X’

X(mm) - Y(mm)

0.001

-6

T T T T T T T V\\‘ T T T T 17
-4 2 0 2 4 6 8

Xmax =8.381 mm Ymax =5.936 mm

X

Xmax =7.404 mm X'max =21.827 mrad Ymax =6.081 mm Y'max =29.811 mrad
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4 - CLEANING THE BEAM
|
| } | : -
8 8 3 # =8¢ 82 é 8 = 8 b l/
" N |5
i o
‘i) 160 Vann 60,

« Adjustment of the cleaning slits using the various beam intensity diagnostics (DCCT,
FCT and Faraday cup).

» Dissipate power on each slits do not exceed 150 W.

« 1W lost in the LINAC cost ~1kW in cryogenic consumption + structures activation

TraceWin - CEA/DSM/Irfuft Tracelin - CEA/DSMIrfufSACM

1 1
| ] I L] |
-3
=01 -0l ﬂi
"‘_—H.__ﬂ/\h‘— 5 _’_“m___ : E
—001 £ - 0.0 ?;J,.
L —\_,\/—-_ B i
s )
NG 201 oo0: &
o
2
0,0001.5F
|_| 0,000 ﬂ
LA L A B L B
6 7 7

Position (m ) Position ( m )
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| ——

Pompe cryo CF160

i

@ turbo CF160

[ Dipole

Emplacement lentile + Sbre apique paur
camér fhermiqus déportse
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5 - PROVIDE BUNCH SELECTION
Needed for physics experiments : keep 1 bunch over 1000 or 10000

Tins) - WiMey)

N\

+V‘

—01

0.01

0.001

_V ~/ 3 :
/I T T T T T —TT T T T T
-15 -10 -5 o 5 10 15
133 =, i =}

~7 ns ~4.5 ns

Need a device to carry out this feature :

* Risetime:7ns

» Phase speed : beam, 4% de ¢

» Use a magnetic dipole and electric field switch in order to realize the 999/1000 suppression bunches

ffffd’fffffffffffffffffﬂ
£ I VIR "TVENRE RENNERE: MENNGINE R

'~':

]

B Qt\ o ) b \hﬁ
£ s, AADCEAIDNIN VNN VMDA o] 2

Wfﬂffﬂﬂﬂfﬂfﬂ'ﬂ”
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S - PROVIDE BUNCH SELECTION

F Beam power deposition : 7kW

Y (mm)

Controlled using thermocouples

20 \
g e
< i 1
= |
15 [ b
g g ® o s
22 mm / - @ s : : 3
10
o I 31.038
2l N L
...................................... \\ 123.886
v - 189.792
3 319.338
7 mm
a
-100 a 100 200 300 400 500
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6 - BEAM MATCHING FOR THE LINAC

0 The LINAC is a focusing channel almost quasi periodic.

L We can adapt the channel to the beam or adapt the beam to the channel.

L At Spiral2, the second method have been choose. This is the most simple way for variable

currents and also because there is various beams to accelerate.

Postulate

Beam is considered adapt in a periodic channel if beam parameters are identical at the entry and
at the exit of a period (~section of acceleration)

It exist for One set (q/A. current, €) only one beam at the entrance which valid the first condition

A beam is 3 dimensions (X, Y, Z) & 3 divergences (X’, Y’, Z)
= 6 parameters — 6 independent tuning

= 4 quadrupoles and 2 re-bunchers of the MEBT will provide the adapted beam for the LINAC.

Difficulty : the space charge introduce coupling between X, Y, Z dimensions

=In space charge condition, matching of the 3 planes (X, Y, Z) must be done at the same time.
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S. THE SUPRA-CONDUCTING LINAC

Salles
d’expériences
. existantes

>

& o P ‘ érateurs existants

SIS § W s Lignedirécte CIME - G1/G2
avec les noyaux exotiques ol

a basse énergie (DESIR) Cyclotron CIME

6-8 AMeV pour les fragments de fission

Salle d'expérience

“Super Separatot} G
Spectrometer” (S°) TN ble Cible-Source

» . LINAC
Salle d’expérience N NS

.

“Neutrons for Science” (NF S)| NGO\ RFQ Source Deutons - Protons

‘Supraconduteur LINAC
E 5"14.5 AMeV pour des'ions
W q =3 .
E = 40 MeV pour des deutons
E = 33 MeV pour des protons

Accélération de noyaux exotiques E < 25 AMeV,
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THE SPIRAL2 LINAC
Need to accelerate : Protons to A/q=7 ions High intensity :
Variable energy : from 2 MeV/A to 33 MeV/A » Short cryomodules
= Cavities with independent phase » Periodic and continuous structure

» Repartition of diagnostics : fair and square

® | 4 L 4 | L 4 @ ®
. A a A A a .

ARG 8 g o g g o ¥

(hia i chin Chin Chin Chin Chin Chin Chis ChiR (R N AN AN AN Ol ke

\ Y J\ Y '
14.5 m, 12 cryomodules A (12 cavities) =CMA 15.5 m,7 cryomodules B (14 cavities) =CMB
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PERIOD OF THE LINAC

Diagnostic Cross between

2 quadrupoles
5 first period are mounted with BEM
(beam extension monitor)

Period #

BPM

Beam Position Monitor

Turbo molecular
Pump
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CHARACTERISTICS OF THE SPIRAL2 CAVITIES

Cavity A B
Number of cavity 12 14
& cavity diameter (mm) 238 380
& Beam pipe diameter (mm) 38 44
f [MHZ] 88.05 88.05
Boptimum 0.07 0.12
Epeai/Eace 5.36 4.76
Bpeak/Eacc (MT/MV/m) 8.70 9.35
L.cc [M] 0.24 0.40
Ve 8t 6.5 MV/m & B, (MV) 1.55 2.66
G [Q] 22 37
r'Q [Q] 600 515
Q, (P.,,=10W @ 6.5 MV/m) | 3.5108 | 1,4 10°
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FIELD DISTRIBUTION IN CAVITY

Cavity A and B: quarter of wave

800 mm (A et B)

~
~

110 mm for type A
190 mm for type B
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POWER COUPLER OF CAVITY

Power coupler function :

» Transmission of the RF power of the RF source to the beam
» Ensure the thermic transition between ambient temperature (300 K) to the cavity temperature (few K)
» Establish a barrier between cavity vacuum and outside

Definition of an external coupling coefficient O, , :

ext *
wW PCAV

Qext = = o
Pyt Poyt

W : energy RF stored in the cavity
P, : supplied power to the cavity (10kW)

= Q. fixed by the cavity parameters and the
beam

Vacc
r/Q) I, cos ®g

V.cc - acceleration potential of the cavity

Qext = (

I, , ®s : beam current and synchronism phase

outer conductor
inner condu\ctor

e, _./
| ANTENNA | <=

»” —VACUUM T AR |
44K - 300K

The coupling @Q,,, Is adjusted by the penetration
antenna in the cavity
Order of magnitude : 104 — 10° (high gradients)
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POWER COUPLER OF CAVITY

» Same design for both types of cavities

> Qext = 6-5 105 (CMA) and Qext = 1-0 106 (CM B), 18406 | 1 | deicalagezomm o
are obtained by ajustement of the antenna penetration =y e
:(,;,'j_en.b ik srmc:ooi
H OI IOW , ! 1 enfoncement antenne (mm)
antenna i - i
| ! __i L i | 1
Ceramic window ? Port of I
(without TiN) I | pumping A
1 [
| L
Electrons .
Pickup ‘

Cooling circuit of the
ceramic (air)
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CRYO-MODULE : CMA /CMB

L —
{ e Cryogenic circuits

Thermal
screen

Cryostat
helium buffer

Vacuum |
‘ chamber

Beam valve

Beam axis

CEA - Saciay

cangi- CMB

Plunger

4

‘ ( 11
Support

rods

Thermal
screen

Magnetic
shielding
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CRYO-MODULE A : CMA

» Separated vacuum chamber - cavity
» Static losses < 11 W
» Poyy < 10 W /cavity (E, .. 6.5 MV /m)

Conduction mp
Rayonnement \A\J/”
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CAVITIES : CHEMICAL PREPARATION
HPR (HIGH PRESSURE REACTORS)

Chemical attack : 150um

. 0W12/2004

&

09/12/2004
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CRYO-MODULE A (CMA) — ASSEMBLY IN CLEAN ROOM

Assembling Cavity implantation
of coup_ler on in the vacuum
the cavity chamber in the clean

room

Systematic counting
of dusts of the
piece mounting on
cavities
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CRYO-MODULE A (CMA)
ASSEMBLY OUTSIDE THE CLEAN ROOM

Next steps of the assembly are done outside the cleaning room

Bottom view of the CMB open
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CRYO-MODULE - TRANSPORTATION ON SITE

Protection
weather in
Normandy
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CRYO-MODULE - ON SITE AT SPIRAIL2

-
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BEAM TUNING STEPS — INCREASE THE POWER

B

i

L Phase #1: Channel definition :

o Transverse focusing — Without beam
o Field law and synchronism phase of cavities

O Phase #2: Tuning of the structure (at 1% order) : ..
o Transverse position — Minimum power

o Field and phase of cavities

O Phase #3: Beam tuning (2" order) :
o Transverses and longitudinal sizes — Minimum power at nominal current

O Phase #4: Power increasing :
o Power increase with the increasing of the duty cycle

Phase Peak Pulse Frequency Average Average power
current | length current (40 keV / 40 MeV)
Example : Deuterons beam #2 50 pA | 200 ps 1Hz 10 pA 0.4mW/04W
#3 5mA 200 ps 1Hz 1 pA 40 mW /40 W
#4 5mA CW 5mA 200 W / 200 kW
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BEAM TUNING STEPS — PHASE #1

b | a-:uj' "
'&z\ O Synchronism phases and cavities accelerating field calculation
:;r — Continuous longitudinal focusing
& > Check if desired acceleration is sufficient
— Maximization of the longitudinal acceptance

tools which give optimization of these calculations.

: O Quadrupoles gradients calculation in order to create continuous transverse focusing.

O In practice : very hard because everything is coupled and machine stability impose rules. We use simulation

U For each particle species and enerqgies, calculation have to be reproduce independently to the beam current

1 fpeeeoppon, .

08 - A N
go,a S Y A S —
= [ -e—-Deuton
%04 Fg -e—-q/A=1/3 |------

. —-o—-(g/A=1/6
0.2 DO -e-Proton |
0 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 S) 10 15 20

Cavity number

25

Optimized
machine for ions
to A/g=5
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BEAM TUNING STEPS — PHASE #2 : PHASE AND RF FIELD

Ex: Deuterons at 20 MeV/A

-o-PhaseS(deg) [
"""""""""" --EoT(MV/m)[

0 5 10 15 20

Cavity number

w BN ol

N

(W/AIN) P13l buireas|adoy

Ex: Deuterons at 2 MeV/A

-e-PhaseS(deg) |
-e-EoT(MV/m)

15 20 25
Cavity number

viore diITTicu

P N N
(@] ol
(W/AIN) P21} B1reas|adoy

|

o
o1
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BEAM TUNING STEPS — PHASE #2 : PHASE AND RF FIELD

Cavity # Cavity Cavity H Y, poth esis:

being tuned detuned detuned

= Calculation done using field-
maps are correct
= Time of Flight measurements
1 B are sufficiently precise
u = Beam loading suppress by the
cavities detuning

Beam energy measurement, v = (t; —t, )/d = The beam is bunched correctly

Theoretical energy
Measured energy

4
_ Need new adjustments
Desired energy ——
= Steerers
Winput > = Quadrupoles
* RF Phase
D
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BEAM TUNING STEPS — PHASE #2 : BEAM LOADING

Beam is decelerated in a switched-off cavity by the potential induced by the “beam loading”.

TraceWin - CEADSMDAPNIASACM

TraceWin - CEAIDSM/DAPNIASACM

« Beam r = Beam
. Linac| 1 * Linac
c -207\

~ o —~ 0]

£ ]

>4 g 1

s° 3 ™

5 8 8ol

ian—-) 3 a ]

2 g -100]

P £ 1

5 £ -120]

8 g ]

<, @ -140]

Vv 160} N ™™
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5

Time (ms)

Time (ms)

— A switched-off cavity for any reason must be detunes in frequency

Precision Time Of Flight : A—EE =2.103

e

Induced potential by the beam loading at 5 mA

1.E407

Nominal operating voltage (Vaes)

Superconducting cavity 4K

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

1.E406

Quenched cavity 10K

--------------------
-~

Quenched cavity 300K

1.E+03

Cavity voltage due to beam loading alone (V)

1.E-01 1.E+00 1.E+01 1.E+02 1E+03 1.E+04 1LE+05 1.E+06
Cavity detuning to RF frequency (Hz)
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BEAM TUNING STEPS — PHASE #2 : TRANSVERSE POSITION

raceWin - CEA/DSM/Irfu/SACM

» Compensation of the misalignments
» Compensation of the cavities steering

22/22523235 II‘
Steps :

correctors

(steerers) Beam position ~> From cavity 1 up to cavity 24
B, &B monttor Detuning cavity 1 & 24
— Tuning ¢s , E ... of the cavity

Alignment of the first period
—— Put nominal values fields of the quadrupoles f(Bp)
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% {rarn)

P (deqg at 85.0525 MHz)

BEAM TUNING STEPS — PHASE #3 : MATCHING-MISMATCHING

Tracestin - CEASDSMJIRFLSACH Tracewin - CEADSMITRFLSACH

UWUHUUUU{JULU | U_ U_l_ | U_UU 30 _E ....... IJlHl_l T4l Had ATl Tat- S otk TadtofFaddal-Tr

b ol o e o b bl b o

is matched “

o
I
=
L
)
I 5
o
oW
& E ;
n H
B L i) B
=2 :
.................................................................................................... o :
T T L T T
I I I I ] 5 10 15 20
3 10 15 €0 Position fm)

Effect of the mismatching :
— Emittances growth

— Halo formation

— Beam losses

— Decrease of the performances for the physics experiments -
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X (mm)

Z (mm)

BEAM TUNING STEPS — PHASE #3 : THEORETICAL ASPECTS

4 Quadrupoles to adjust

TraceWin - CEA/DSM/Trfu/SACM

TraceWin - CEA/DSM/Irfli/SACM
e: 152 [9.027 m] 5.6 MA Entr‘M
X(mm) - X'(mrad Y(wAn) - Y'(mrad ___P(deq @88.0525 MHZz) - W(MeV)
10 10 0.02
5 (—\ 5 0.01 / j
0+ J 0 0 ( /
-5 -5 -0.01
-10 -10 -0.02 e
-10 5 0 5 10 -10 0 5 10 2[) 1[) 0 10 20
max m X'max =4.809 mrad Ymax Y'max =9.9 rad 3 deg Wo=1.56411 MeV
| Pesitior] (m)
........................................... .
I : I . TraceWin - CEA/DSM/Irfu/SACM
Ele: 172 [10.072 m] I=5.6 mA EXIt,,
I : I X(mm) - X(mrad) v&hm) - vi(mrad) _ P(deq @88.0525 MHz) - W(MeV)
............................................................................................. 154 154 0.033
104 104 E
] ] 0.02
|||'Jﬁ"|ﬂ' '|'|ﬂ'lﬁ|||'|'l i [ 5 : )
57 57 0.01
|||‘ m ||m1 ||m1 fii] (‘ ] E /
" " 04 J 04 04 /
53 53 -0.01 (
10 103 002
\ 1 5 ] 5 ] -0.033
LI ¥ I I LB 1 ) T T T T — T T T L T T T
-10 -5 0 5 10 -10 0 10 20 -10 0 10 20
\ 5 \ Xma: 468 mm X'max =4.7: rad Ymax Y'ma rad 0.024 deg Wo=" eV

Rebunchers to adjust

| Positior! (m)

!

Period

Get close beam at the entrance and at the exit of the period

89



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

YV V VY V

BEAM TUNING STEPS — PHASE #3 : METHODOLOGY

TraceWin - CEA/DSM/Trfu/SACM

B W I W

>
\
/
\

(hnadha
NN

o

)=

¢

\{

hi
CHS

10l N

T,

N

15
q 40
X 7
g —_ 202 [MEG31
%g Oﬂnllwﬂ [ I . TN
= B R AT 0 A 1 A I B ﬁ .]H.l
g -20
=2
o

1 1
Y
o

o
(9, ]

15

Position (m)

Tuning of the last LME quadrupole double (LME-Q26, LME-Q27), first quadrupole doublet of LINAC (LINA-
Q01 & LINA-QO02) and 2 rebunchers of the LME (LME-GR2 et LME-GR3)

Criteria : sizes|(ox2 — 0y2,5,) [are constant at each period

Measurement to o2 — oy2 over 5 periods (from 2 to 7) using the Beam Position Monitors (BPM)
Measurement to o, over 4 periods (from 2 to 6) using the Beam Extension Monitors (BEM)
This method isn’t based on the direct beam sizes but on discrepancies over One period

= Suppression of the uncertainties on emittances, systematic errors of the diagnostics
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BEAM TUNING STEPS — PHASE #3 : BEAM POSITION MONITOR

Current induction on the
4th electrodes when the
beam pass through

Dipolar momentum of BPM : D = %

v" Size coupling negligible

XCZ O'xZ—O'yZ
Quadrupolar momentum of BPM : Q = 7+

v" Coupling with the slow position (1/10)
v Amplitude signal at same order than dipolar momentum

2 + .-

Crucial diagnostic

» Phase measurement : Using time of flight technic, dedicated to cavities tuning, E .. et ¢,
» Position measurement : beam alignment along LINAC
» Quadrupolar momentum measurement : transverse matching of the beam in the LINAC
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BEAM TUNING STEPS — PHASE #3 : LINAC MATCHING

= AL IO 0 00 [ i i
203 LU Probable situation of a
. 103 initial tuning of the LINAC
= . i
E ol
=103
-20 3 Iterative process
1L bl o bl ol e ol .
0 ? Position (%? 15 > Apply values_to elements which
60 - have to be adjust
g 4:]; > Measurement of sizes c,? — ,,°
i} 203 ] N > Measurement of bunch length &
S 03 o N z
g 50 gﬁ Bk M-I_@ o o LELCY 1 » Calculation of a general criteria
5’1—43 E » Determination of the new values
-60 - set
0 5 10 15
Fosition (m)
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BEAM TUNING STEPS — PHASE #3 : LINAC MATCHING

________ Rl U“U”“U”“U“U““U”

e . ........................................ .................... S0 100 150 200 250 300
= ; ; : Step #
603 H A S— — tep

P (deg @88.0525 MHz)

% l

==

+

ESi

- F
J ol
==

Position (m)
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ASPECTS OF THE LOSSES — TRANSVERSE BEAM PROFILES

TraceWin - CEA/DSM/Irfu/SACM

|

—0.01

—0.0001

X(mm)

2
Ajisusp ojonJled pazijewion

1e-08

10 15 20 25 30 35
Position ( m )

Calculation for 400.000.000 particles
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ASPECTS OF THE LOSSES — LONGITUDINAL BEAM PROFILE

TraceWin - CEA/DSM/Irfu/SACM
[ |

—0.01

— 0.0001

Phase ( deg )
o

1le-06

Ajisusp s|onJed pazijewop

1e-08

| % = & % 1 2 Wk &% Kk ] Aeab Lol ] % kil d LI S LN FE) LEE
0 5 10 15 20 25 30 35
Position ( m )

Calculation for 400.000.000 particles
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ASPECTS OF THE LOSSES - BEAM POWER

Deuterons beam : 40 MeV, 5 mA = 200 kW

Melted in 3 seconds !
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ASPECTS OF THE LOSSES

Longitudinal acceptance (Deuterons)

®{deg at 83,0525 MHZ) - WiMeV)

Losses control : Using the beam loss monitor
Losses minimization : Increase the acceptance

Losses : statistic results
TraceWin - CEA/DSM/Irfu/SACM
0.01
Average power lost (W)
0.008_
g ]
E 0.006
o
% 0.004
g
<T
ibb LT U
. ]
"o 15 20 25 30 35
Position ( m )
TraceWin - CEA/DSM/Irfu/SACM
1.2 - 100% % 0.1%
] Confidence level power lost (W) |-so9%
1 - 99%
s M - 90%
g
3 os
-
2
8_ 1
< 06
E 4
o ]
g 04
u'g i
0.2
gl E— r'J .
10 15 20 25 30 35

Position (m )
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Linear scale

Logarithmic scale

Ele: 580 [37.582 m]
X(mm) - X'(mrad)

5 __ — 0.8
E — 0.6
0 -
B _—0.4
-5 E

L T DAL R N
-10 -5 0 5 10
Xmax =6.110 mm X'max
=5.069 mrad

Ele: 580 [37.582 m]
X(mm) - X'(mrad)

] F
5-
0_3 —0.01

_5_3 0.001

_ 0.0001

L L IR L B |
-10 -5 0 5 10
Xmax =6.110 mm
X'max =5.069 mrad

R\

o

1
i

T T
-10 -5 0 5 10

(5]

-5

NGQOD : 1154390 / 1280036

Y(mm) - Y'(mrad)

Ymax =8.523 mm Y'max
=6.880 mrad

NGOOD : 1154390 / 1280036

Y(mm) - Y'(mrad)

L L L B L BRI B
-10 -5 0 5 10
Ymax =8.523 mm
Y'max =6.880 mrad

-0

PHASE SPACES AT THE EXIT OF THE LINAC

TraceWin - CEA/DSM/TrfufSACM

P(deg @88.0525 MHz) - W(MeV)

o
[N
|

o
—

1
o ¢
= o
[N AN B B AN AN B AN AR

1
o
[N

|

[1
— 0.8

— 0.6

T —0

e
-10 -5 0 5 10

Po=0.320 deg
Wo=39.6797 MeV

TraceWin - CEA/DSM,/TrfujsacM

P(deg @88.0525 MHz) - W(MeV)
_ 1

0.2

0.1

-0.2

|

— 01

—0.01

0.001

R
-10 -5 0 5 10

Po=0.320 deg

Wo=39.6797 MeV
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6. THE HIGH ENERGY BEAM TRANSPORT LINES

Salles
d’expériences
. existantes

>

& o P ‘ érateurs existants

SIS § W s Lignedirécte CIME - G1/G2
avec les noyaux exotiques ol

a basse énergie (DESIR) Cyclotron CIME

6-8 AMeV pour les fragments de fission

Salle d'expérience

“Super Separatot o
Spectrometer” (S%) e — ble Cible-Source

Salle d’expérience

“Neutrons for Science” (NFS) NS

‘supraconduteur LINAC
E 5114.5 AMeV pour des'ions
A q=3 -
E = 40 MeV pour des deutons
E = 33 MeV pour des protons

Accélération de noyaux exotiques E < 25 AMeV,

Source Deutons - Protons
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IMPLANTATION OF HEBT

NFS = Neutrons For Science
= experimental hall

e=pmremm AF-LINAC
= Beam dump
= Arrét Faisceau

S, p—

e S3 = Sliper Separator
Spectrometer =
3 lines (totale length = 54.5m) : experimental hall

= LHEL : from LINAC to Beam-dump. L=21.3m.
= _LHNFES : from dipole LHNFS-D11 to neutrons converter. L=14m,
= LHS3N : from dipole LHE2-D11 to target area of Super Separator Spectrometer S3. L=19.2m.
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The synoptic (overview diagram) give a complete vision
of the elements of the lines. This is a very useful object :

Magnetic element : quadrupoles, dipoles, steerers -

Beam diagnostics : beam profiler (EMS), losses rings,
current diag (ACCT-DCCT), ToF diag, Segmented
collimator, beam-dump, beam loss monitor (BLM)

>
>

HEBT : NAME OF THE ELEMENTS

LINAC

LHE1-Gi01
LHE4-TOF11

LHE1¥111

S LHETO102
= HEHDCIINE
LHE1-Q103

NFS-DI1
NFS-PR11 NFS
GCONVERTISSEUR
NF3-CF11
NFS-BALT1-Y
W NFSBAL11-X
@ NFSDCH1HO
LHNFS-VIR21
LHNF5-V121
LHNFS PR32
LHNFS-024
LHNFS-G23
_______________________ Safle n* 32
Salon°8 |
o
LHNFS-421
@ LHNFS-DC21VE
LHNF&{-"HN
63:&% LHNRS-D12
T *9. 7 LHNFS-D12:C0R
o o QAo |
¥ F=NG"B § g E %}7 e |
c3oEhbiL-y .72 0SeSsx o 00® % E
ROEEOHBEEE EZE olann i 5 B 7 % { |
LLLLOLLAY DG LLMML L I O p L |
D3 4355555558 SI55 II3555 5 5 E 55| r—————— .
- - 71@— | —7Q— [t f ——Jl—:——[I—)BEAMDUMP}
o
7 :-‘8'- o sggnsiz = J sz |
. gg EoBongly £ 5 B 3 AF-
S 55 % IRnEEET § 3 ER
Son ] LINAC
Q;b&@ LHE2D12 | | ‘
] -9‘:,9 LHE2D12-COR r | |
I T PR o | | |
| £ LHSIND N | L Salor°10 |
| LHS3N-D11-COR' 8@6' 5 lfr T
| > " em
! 7 e | S cE
| ‘STl g ganpel .
| £ % g\ § §§§§55§
| LHE2-BLM11 @ ‘
| | I S3
LHSaN-D12 \
LHSIN-D12-COR
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TRANSPORT UP TO THE BEAM-DUMP
From LINAC exit up to the beam-dump

3 sub sections :
= LINAC beam matching

o 4 quadrupoles + One set of X — Y steerer

o2 EMS + 1 ToF + 1 ACCT-DCCT + 1 ring losses + 1
BLM

= One triplet
o 3 quadrupoles + One set X — Y steerer
o 2EMS+1ringlosses + 1 BLM
= peam matching to beam-dump
o 4 quadrupoles + One set of X — Y steerer
o 3EMS+ 1ACCT-DCCT + 1ring losses + 1 BLM

o 1 segmented collimator or clover (4 current
measurement)

o 27 thermocouple sensors fixed on the beam-dump

] T i | T I T i f } !
o I 15 I 15 A g o
40*: / 40; | | I
—~ 20 T LHE1-PR18 b/ — 20; m\f (A b (5 LHE1-PR1E "\i
e e ) e 0 pli=SESISSE
><_20 1 |t >~_202 V A d [ ~ |
10 | \\ -40- \\ |i
60 ! !—!_‘ | ! ] |\\r -60 ! ! ! g R
0 s 10 15 20 0 5 10 15 20 103

Position (m) Position (m)
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TRANSPORT UP TO THE NFS EXP. AREA

From LINAC exit up to NFS : 4 sub sections

= LINAC beam matching

o 4 quadrupoles + One set of X —Y steerer

o2 EMS + 1 ToF + 1 ACCT-DCCT + 1 ring losses + 1
BLM

= One triplet
o 3 quadrupoles + One set X —Y steerer
o 2EMS+1ringlosses + 1 BLM

= eft-left deflection
o 2 dipoles + 3 quadrupoles + 1 steerer Y
o 1EMS+ 1ringlosses + 1 BLM

= Matching to NFS + neutrons converter hall

o 4 quadrupoles + 2 steerers Y + 1 steerer X High limitation for NFS :
o 3 EMS + 1 Faraday cup P, .. = 2kW in Deuterons at 40MeV
o 2 target points (irradiation and converter)

e ] [ TT 11 ]

40

104
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FEW WORDS ABOUT NFS EXP. AREA

> NFS wil use ligth particles : Deuterons (40MeV) and Protons (10MeV-33MeV) : 0.4Tm < Bp < 1.3Tm

» P

max

= 2kW (I

= 50uA Deuterons at 40MeV) using source peak current reduction (for irradiation

max

experiments) or bunch suppressor of the MEBT (rate 1/100 or more)

> Beam sizes : 1 to 4mm RMS
> Need a bunched beam on neutrons converter for the neutrons time of flight experiments @

> Primary beams are stopped in target or in a beam stopper

Chamber of t A - ,'t‘ / particules légéres (p,d)

‘ S

Couloir de temps

Cible et dispositif
; de mesure
=, P

Colimateur

Convertisseur

de neutrons
A

' Faisceaux trés intenses de

neutrons

converter Chamber of
irradiation
targets
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From LINAC exit up to S3 : 4 sous-sections

= LINAC beam matching

o 4 quadrupoles + One set of X — Y steerer
o2 EMS + 1 ToF + 1 ACCT-DCCT + 1 ring losses + 1

BLM
= Right-right deflection

o 2 dipoles + 3 quadrupoles + 1 steerer Y
o 2EMS+1ringlosses + 1 BLM
o 1 jeu de fentes horizontal

= |eft-left deflection

o 2 dipoles + 3 quadrupoles + 1 steerer Y
o 1EMS + 1ringlosses +2 BLM

TRANSPORT UPTO THE S3 EXP. AREA

= Matching to + target room

o 4 quadrupoles + 2 steerers Y + 1 steerer X
o4 EMS + 1 MIGR VE + 2 PFE + 1 Faraday cup

[

10

Position (m)

e
8

£
(SINPH:

2 target modules (stables or actinides)
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FEW WORDS ABOUT S3 EXP. AREA

> S3 will use heavy ions with A/g=3 at energy from 2MeV/u up to 14.5MeV/u: 0.6Tm < Bp < 1.65Tm
» Beam sizes on targets : o, , = 0.5 X 0.5 to 2.5mm (Gaussian) or g, = 0.5mm (Gaussian) X Ay = 10 mm
> Tuning of the primary beam will be very complex, completely linked to the S3 tuning.

> For super heavy nuclides experiments : Energy of the primary beam will be 5-6MeV/u. But S3 spectrometer
need to be tune at 1MeV/u (energy of the products).

Cible de production
(fusion, IL < 10 pps)

ﬂlag:sﬁ- ST -

Faisceaux d’ions
stables trés intenses

SIRIUS

A S Séparation/Purification
(1/m, 10 fb)
Physique Atomique / i
,' ) g \

Collision d’ions

R Fit-FISIC

_lonisation laser

erc R REGLIS®
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= 2 types of quadrupoles :

= Steerer : B,,,=245G, |.,=10A

= 6 rectangular dipoles : 8 = 45°, p = 1.5m

Champ (Gauss)

(@)

(@)

O

(@)

MAGNETIC ELEMENTS AND CURRENT ALIMENTATION
Type 1 (G=13T/m, I,,=280A) : N=10
Type 2 (G=10T/m, 1,,=370A) : N=18

5 dedicated to horizontal plane
10 dedicated to vertical plane

B,=1.68T, |, =670A,
Gap=80mm, useful zone=60mm
Auxiliary coil : I=10A, V=15V
Connect to a commutation grid for the alimentation (safety aspects)
RMN field measurement of dipole

108
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HEBT BEAM DIAGNOSTICS

Beam profilers (EMS) : formed by 2 grid of wires
= 16 EMS in HEBT and around NFS +S3 targets locations
= 2 types : 1mm step and variable steps between wires, ¢, ires = 70um

= Need to use the slow beam chopper of the LEBT in order to modulate
the beam intensity with its energy (risk of wires melting)

Beam Loss Monitor (BLM) : 6 systems
= Device to control and monitor the beam losses in the HEBT structures

= |ocate around 1m to the beam line as clse as possible to the maximum
of the transverse beam envelops in HEBT

109



THE SPIRAL2 ACCELERATOR AT GANIL-CAEN

HEBT BEAM DIAGNOSTICS
Beam energy using Time of Flight technic :
= Located after the LINAC in the matching section

Traversées
étanches
coaxiales SMA

Cales
géomeétre

= 2 pick-up devices at around 2m distances
= Use during beam tuning and optimization

Beam current measurement :

= 2 devices :
o At the beginning of the HEBT

o At the end of HEBT close to the beam-dump
= Measurement of total and transmission current

= Measurement of beam power P = [ X E

Ring losses : DI

= Normal working condition I = 0
= Intercept beam (I > 0) in case of mismatching or misalignment

=6 DI in HEBT (1 in each sub-sections except matching sections NFS et S3) ‘f“f—p{
= Horizontal and vertical aperture of the ring depend to HEBT implantation i
= For 10W losses = 250nA for Deuterons beam at 40MeV

=Forl > 1,14 ON @ ring, beam must be switched off
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THE SPIRAL2 BEAM-DUMP

1) Using : tuning of the LINAC and HEBT, beam qualification at the beginning & a 1)+2) «
of experiment, beam retuning during experiment N

2) Design to stop a Deuterons beam to 40MeV and 5mA (P=200kW)
3) Internal part see by the beam optimize to maximize a flat power deposition
4) Match a beam to o, = 0, = 14mm at beam-dump entry

5) Segmented collimator located 1m before the bean-dump (4 sectors in
Copper). Small halo beam fraction interception for injection optimization of
the beam in the beam-dump

180

6) Demineralized water cooling

404 2) + 3)
20
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ED-PHENIICS

THANKS YOU FOR YOUR ATTENTION
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