Canada’s national laboratory

\\
I RI U M F for particle and nuclear physics
4 and accelerator-based science

Accelerator Physics Developments
for Rare Isotope Facilities “

Oliver Kester
Associate Lab Director - Accelerators

February 17, 2017




QR TRIUMF Outline

« Overview particle accelerators for RIB production
— Challenges of RIB production
— Particle accelerators for ISOL and fragmentation facilities

« Some accelerator developments
— lon source - charge state booster
— Vacuum effects
— Accelerator cavities — superconducting
— Beam instrumentation and beam dynamics




Overview particle
accelerators for RIB
production
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Q2 TRIUMF

lon Separation OnLine (ISOL)

lon source

Isotope/lsobar
separator

Thick, hot
production target

Experiment
Examples:
 |SOLDE (CERN)
* TRIUMF
* GANIL
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Production of rare isotopes

Projectile Fragmentation (PF)
and stopped beams

Heavy ion
driver

Fragment
accelerato

separator

Thin production
target

Gas cell stopper/

lon guide

Re-accelerator

Examples:
* NSCL/MSU
e GSI

* RIKEN

Radioactive ion beam

Experiment

WNPPC 2017, Banff, AB, Canada 4



Driver accelerators

Q2 TRIUMF

Projectile Fragmentation (PF)
and stopped beams

lon Separation OnLine (ISOL)

lon source

Isotope/isobar
separator

Fragment
separator

Thin production
target

Thick, hot
oduction target

Gas cell stoppen
lon guide

I Driver accelerators can be: .
celerator

B Linear accelerators = FRIB, SPIRAL2 (GANIL)
Cyclotrons = TRIUMF, RIKEN, NSCL/MSU
Synchrotrons = ISOLDE, GSI
Electron linac 2 TRIUMF

Februarz 17, 2017 WNPPC 2017, Banff, AB, Canada



R TRIUMF Driver accelerator challenges

lon Separation OnLine (ISOL) Projectile Fragmentation (PF)
and stopped beams

lon source

Isotope/isobar
separator

Fragment
separator

Thin production

Thick, hot hagel

wroduction target

Gas cell stopper
r High beam intensities, high duty cycles:
* lonsources, Low energy beam transport (LEBT),
e  Cavities (high duty cycle) = superconducting RF =accelerator
e  Charge state stripper
* Quality of magnets in ring machines
* Highest intensities in ring machines (resonances)
e Beam diagnostics and machine protection
e Beam losses and activation
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R TRIUMF Post or re-accelerator

Post acceleration of ISOL beams, beam stopping and re-acceleration of
beams from fragmentation

» Stripping or charge state breeding

* Linear accelerators or cyclotrons

lon source separator

I' it I 1
Thin production
target

Isotope/isobar
separator

Post accelerator

35 gell gtopper/§

Re-accelerator

Thick, hot
production targs

Radioactive ion beam

Radicactive ion beam

Experiment

Experiment

Februarz 17, 2017 WNPPC 2017, Banff, AB, Canada 7



R TRIUMF Post or re-accelerator challenges

Efficiency in each step, beam energy variation

* Beam stopping (in case of PF)

e Charge state breeding

* Low intensity beam diagnostics (Single particle sensitivity)
T

Thin production

target

lon source separator

Isotope/isobar
separator

Post accelerator

35 gell gtopper/§

Re-accelerator

Thick, hot
production targs

Radioactive ion beam

Radicactive ion beam

Experiment

Experiment
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R TRIUMF Example ISOL: TRIUMF facilities

BEAM LINES AND
EXPERIM ENTAL / I SAC_ I I ISAC-Il FACILITY

FACILITIES Iy
th energy

Primary beam driver:
Cyclotron, 500 MeV, H-

ISOL facility with highest power
driver beam

m— |N Progress

Future

Isotope Separator and Accelerator
Low and facility - ISAC

@ medium
energy ISAC-1: Normal conducting-linac,
. 015-1,5 MeV/u
ARIEL Crewsy ISAC-II: Superconducting-linac,
electron - 5-11 MeV/u
linac \, [‘/ /,/ ACCEL§RATOR BUILDING \1“;1 ’ [ HJ

™ — Advanced rare isotope laboratory -
THERAPY P ARIEL:
Superconducting electron linac
50 MeV, 10 mA, cw
ELECTRON HALL QYCLOTRON VAULT T
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@,TRIUMF Example PF: Facility for Antiproton and lon research - FAIR

Primary Beam driver:
Linac injectors, Synchrotrons S1S18, SIS100
4.5 x 10" U2+ jons/spill; 1.5 GeV/u ¢ N
2 x 10'3 protons/spill; 29 GeV o g L\ @wL
',\L‘_{Nlmc p ¢ _
y T 2 ITRAP) FRS/:;, RN <
. _ CBM

},

\\-.. ".l :
y 4 esR” 7
Vinedh v el o
» ":} : 3& _',:K. - APPA ,.7 —~—__ RIB Target
'CRvaGC{ ¢ panDA -5 /
Secondary Beams i
range of radioactive ion beams up to f ~ p-bar
1.5-2 GeVl/u Target

antiprotons 1.5 - 14.1 GeV NUSTAR

Storage and Cooler Rings for secondary beams
CR: 108 antiprotons; 3 GeV HESR: 10'° antiprotons; 1.5 - 14.1 GeV
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Some accelerator
developments
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Q2 TRIUMF

lon sources that deliver high current
(mAto A), but low charge states

—> high current sources

(Penning source, plasmatron sources,
MEVVA, volume sources)

lon sources that deliver high charges
states (up to U°2*), but low intensities
—> high charge state sources
(Electron Cyclotron Resonance lon
Source - ECRIS, Electron Beam lon
Source - EBIS
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lon sources

solenoid

cathode
filter
magnet

mission
pening

plasma

Electron Electron
| collector repeller

IAr1 8+

L _—xwm=

F Il

Drift tubes

Electron -
gun | — e g e | Electron

beam
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QR TRIUMF tal apor acuum rc (MeVVA)

o Trigger
New cathode
Cathod g materials required
e e (alloys)

. .
9

I avoid to melt
cathodes

Anode
. Arc +
Discharge power: 50 kW supply

(13,3 MW/cm?)
Discharge current: ~1 kA
Duty Cycle: 1 Hz, 1 ms
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Q2 TRIUMF Charge state breeding

Charge breeding =

Post accelerator
or experiment

Generation of highly
charged ions from
externally injected singly
charged ions in a high
charge state ion source

Low energetic
g*ions

Charge state

| from
sotopes Iro development

1+ ion source

Low energetic

Analyzing 1* ions

magnet
|
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A/q-
analyzer

Extraction and beam
purification

| charge |:
“|state breeder |

Beam preparation
and injection
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Q2 TRIUMF Electron Beam lon Source (EBIS)

solenoid barrier
electrode [ | ?Lebc:[lz? Uw = 1
...... U(R) AUW
b:eoanm AU
electron \ U 0 of
drift tubes collector - _
U(z) ionisation\ R rw r
....... A Potential distribution inside and
extraction outside the electron beam
V4
. . . \
* Electrostatic confinement in volume V
between barrier electrodes (distance /) N-= [T I,
* Intense electron beam (current density, \ 23 U
e

up to 10* A/cm?)
* Tunable electron beam energy
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R TRIUMF Injection of 1+ ions into EBIS/T

after injection

Pulsed injection: Injection - confinement
U4 ud
* TRIUMF 3
CANREB EBIS 2 <>_’ [ 4—@—»
* REX-EBIS at Q =
ISOLDE/CERN -
- -
Continuous ut U4
injection: @_. l@ ;

D),

* ReA3 EBIS at
MSU

continuous
"accu mode"
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Q2 TRIUMF

Dynamic Vacuum effect and collimation

Beam losses induce

Projectile-Ionisation

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv . Dipole
.O...O...O...O...Oi."’ﬂ\‘......O‘...O...O...O..O....O.l 00 .v,‘.‘..' !
local pressure o Ao e . .
é S2e
bumps 0 . .
1 o % ®) (6]
lons get stripped o : o
Target-Ionisation
2\
1010 T PRl W S
3 e
2 R Desorption e,
= \ ...... 4'.‘;‘.;.4.<.‘
= D S A \"
3 Coulomb-Scattering,
g 10° 0%, 2001 \\\ = Intra-Beam-Scattering
-] Ta**", 2009 Ny
“F U?” 2009 e
| =—U%,2010 | R
— U**, 2010 B
I T W TN T T T T A T TR N | T T L1 [
0 0.1 0.2 0.3 0.4 0.5
Time in s
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R TRIUMF

Hydrogen Density in Cryogenic Areas of SIS100 [106 / cm3]

Temperature [K]

T T T T
0.0 0.1 0.2 0.3 0.4
Hydrogen Surface Coverage [10'°/cm?]

0.5

Number of Particles

* Long term density stays low
enough for stable operation

« Equilibrium density is very
sensitive to temperature rises
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Cryogenic Surface Pumping

x10"

Surface coverage and
temperature has been linked
to residual gas density

VoA

10 12
Time in s

18

H 107

10% =

Average Particle Density / cm

L 3x10°



QR TRIUMF Accelerator cavities

Transformation ¢ i Thomson formula
fromaresonance U, LW Cc= R. | /= > resonance
. : 0 P 27 L-C
circuit to a cavity | * frequency
@
0000
]
- Z
E
coppe | :
g B "pill box cavity"
p y e
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R TRIUMF SRF cavity examples

e Quarter wave and half wave

resonators
(QWR/HWR)

e (Coaxial resonators used at ISAC
and REX-ISOLDE

magnetic
field

electric
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S TRIUMF Superconducting Linacs

Niobium Cavity
Superconducting cavities have been pursued since RF Antenna\ /He Pumping Port
~1960 in the hope of reducing the power Electric Fields
dissipation in the walls to zero.

Liquid He Bath
e
EBeam Path

Success came in the 70s and 80s using niobium:

. . . He Fill Port
* first heavy ions (few cavities — ATLAS at ANL,
NOoOwW |SAC-||) Va}uum Insulation
* then electrons (many cavities same size — a5k —

Cryogenic

Cornell, CEBAF, LEP) Gireut
* now protons (many cavities — 1-GeV at SNS)

Furthermore, much higher fields can be produced —

o () 7 " N K |
up to 30-50 MV/m. ™ P
i R

Rails
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R TRIUMF Example: ISAC Il SRF linac

I g

ISAC - I

EXPERIMENTAL HALL

i CLEAN ROOMS ) It
i |L’ Bk £ b 1% Tieress  =-
T e e ——— <

ACCELERATOR SC LINAC - SEBT | o =

. b *“{, a L)
EL 28900' ffff = =
[ 705 \ £ HERACLES =

m RF ‘& u caY@bﬁﬁchs
AMPLIFIERS!
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Q2 TRIUMF

. L sl -r -‘:'.? "_\ LA “‘“‘L“'Mw
« Non destructive! AE N ey, 2000
. . et £ Lot e 2500
* jons detection: e Ml e 2000
e MCP readout el i 3500
x[mm] 60 70 80

Cooling after injection into a storage

storage ring
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New Beam Profile Monitor in ESR

Detector principle

— Beamprofile
=] /\_ |Pc

i
CCD Camera
T PMT Array
Phosphor
@ D soreen
[ I +1000 Volt
C e - |e]
= : 2 g VCP
Y -5000 Volt
R H
E @ E-B-Field
E
. Beam
-
+5000 Volt
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Q2 TRIUMF

detector:
MCEP + phosphor + CCD
al
rf—deflector: ' iy

36 MHz or 108 MHz (=3v [~ max

sl
O [z

U lens ‘ u lens

bunch width
— -

aperture 3

_/ L
2k electro—static
energy

g /P-o: analyzer
2*R

o || [ Az aperture |
J 0.1 to 2 mm

R=35mm| residual gas electron

30 mm

aperture 2

E|C _L—T ™ beam o

v &

biased at =30 kV
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Non-intercepting bunch shape monitor

Bunch shape monitor
uses secondary electrons
produced by the ion
beam

Simulation confirm the
measurements and
reveal the time
resolution of 5 ps

Bunch shape can be used

to determine the long.
emittance
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500
SGR10 @ Buncher Setup
o I
2 -
o
375 -
t
250
0.48 0 72 0. 96
Voltage [MV]
3‘1'0 0.53 '.;_'1'0 0 88
= MV =
S H
3 £
0.5 - 05 -
0.0 T T T 0.0 T T T
0 1.5 t [ns] 3 0 1.5 t [ns] 3
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S TRIUMF Emittance transfer experiment (EMTEX)

A
2.0 7= _e—hor. achieved (Ar) unstripped _-: k’.
——hor. FAIR Design (U73+) .
—@— ver. achieved (Ar) unstripped Emlttance tra nSfer

E " T — ver. FAIR Design (U73+) ; . .
= via Eigen-emittance
y manipulation
E loss
g 08 /| _o—
@

I o i strong

brilliance = space
E &
0.0 ‘ ‘ ‘ ‘ ‘ ‘ Y charge
2002 2003 2004 2005 2006 2007 2008 Future forces
Year
Hs*—3p
1w o, o MmN .

B _3F Ver. Chicane a stkevlvetd L L ——

g BaZ Stripper foil in strong 9 L

£ »3 solenoid field =
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rms Emittance {(mm mrad)

Q2 TRIUMF

35

3.0

25

20

05

0,0

EMTEX-beam line and first results

12.5 m

® hor, exp.
b @ ver, exp.

2

Y -

= =hor., 4d-env. SIS — Accept. (ver) T o
4 | = -ver, 4d-env. e
«+ hor., sim. é .

- e

4 -- ver., sim Sl
)__,..—'

g

* e .- -
T
""--..__-.____
7 Tl
SIS — Accept. (hch""'ﬂ-—..—.

0,0 02 04 06 0,8

Solenoid Field (T)
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|| — &, =3.6:44

1 L
4€,s [mm mrad]

— £, =3.0:66 current in

synchrotron 1

— &y =3T:41

current in transfer
channel I,

50 100 150 200 250 300 350
Tlus]
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« RIB facilities
— Challenges of RIB production -ISOL and fragmentation
— High intensity primary beam driver
— High efficiency post accelerator

 Researchin
— ion sources - charge state booster
— vacuum effects - dynamic
— accelerator cavities — superconducting
— beam instrumentation
—> non destructive
— sophisticated beam dynamics
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QR TRIUMF

Canada’s national laboratory
for particle and nuclear physics
and accelerator-based science

Thank you!

Mercl!

TRIUMF: Alberta | British Columbia | Calgary |
Carleton | Guelph | Manitoba | McGill | McMaster |
Montréal | Northern British Columbia | Queen’s |

Regina | Saint Mary’s | Simon Fraser | Toronto | FOIIOW us at TRI UMFLab

Victoria | Western | Winnipeg | York
L]
fHR 4




QR TRIUMF Targets and separators

lon Separation OnLine (ISOL) Projectile Fragmentation (PF)
and stopped beams

lon source
Isorpe/Isobar

o - Fragment
' separator
\{n production [T

Gas cell stoppen

In case of ISOL:

e Thick target using fragmentation, fission and spallation of target nuclei
- light ions or electrons as projectiles ‘

* Low energy, high resolution separators (20-100 keV)

In case of fragmentation:

e Thin target, using fragmentation of projectiles

* High energy (>50 MeV/u), large acceptance separators
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S TRIUMF Target and separator challenges

lon Separation OnLine (ISOL) Projectile Fragmentation (PF)
and stopped beams

lon source
Isorpe/Isobar

o - Fragment
' separator
\{n production [T

Gas cell stoppen

Targets:
* Beam power deposition in the targets and lifetime of the targets
(similar to charge state stripper) ‘
e Activation and target handling
Separators:
* Phase space acceptance, resolution - Magnet size
e Activation of components, Suppression of background contamination
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S TRIUMF Existing GSI accelerator facility

UNILAC

Universal linear
accelerator

Synchrotron —SIS18

:

* Linac for beams up to Bp =
1.7 Tm (for comparison Bp
of 238U73* @11.4 MeV/u =
1.6 Tm)

» Synchrotron delivers beams
upto 18 Tm
(4 GeV protons)

 Storage rings with 10 Tm
(ESR)and 1.44 Tm
(CRYRING)

| Alvarez
==& - structure

Experimental storage ring (ESR)
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Q2 TRIUMF What is a ,particle accelerator*?

An accelerator is a device that uses electromagnetic forces to
accelerate and guide charged particles.

THE ESSENTIALS;

 Particle source
(electrons, protons, ions)

« Vacuum
 Electric field for acceleration

« Magnetic and/or electric
fields for focusing and
steering

« Controls

Februarz 17, 2017
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Q2 TRIUMF

Extraction system

Plasma generator

Februarz 17, 2017

Principle of plasma ion sources

Plasma extraction = Beam shaping

U and transport

WNPPC 2017, Banff, AB,

Canada

100 P I asma l-- ..

electrode il L

- % extraction |

| electrode |

{plasma |

 Production of charged particles » e =

(Electrons, lons) = Production of a =F A [onboam ﬂ*%

plasma Via diSCharge " 0 &0 !‘:\: B ”””;UI'”””IIIDIDHI:[I II]EL:) II II 1“40 '| 180
 |onisation of atoms = Electron ™ olasma |

impact ionisation boundary
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S TRIUMF RF-accelerator principle

Multiple use of the same alternating voltage 2 A== § == - & 3 3
(00000 0nH

- Wideroe principle!

d

il F»— =0 LD U=
Ty T
™ 4—1_2'_ —-»_-’L._._ T‘l:.f’——-—:_‘_g \ ' +  —) = G + e L
S 1o S 1 U0 U
=Y ATV
—a L 4 : 8
' . fsf” , 1928 proof of the rf- acceleration
T ’ g‘.; F—l—g principle by Rolf Wideroe in Berlin
T y 2 Frequency: 1 MHz

Electric Field = 25000 V
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Q2 TRIUMF Phase focusing

The electric fields in an RF-accelerator
are time dependent. The field strength
depends on the time a particle enters
the acceleration gap.

eU(t) = el sin'Y

is the energy gain in the gap if the
particle arrives in gap center at 'Y,

Synchronous phase in front of the
crest (negative synchronous phase)
- longitudinal focusing

Synchronous (perfect) particle >
perfect synchronism in the linac

Februarz 17, 2017

I —IIII\'Q
U

et}

rf-field for heavy ion
acceleration:
10-300 MHz

voltage

time

i
l

/@,
AY

\Phase
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first period

second period
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QR TRIUMF Beam phase space ellipse

X ‘ \X_'/ - px
M px X =
P Transverse

P,
> ﬁ phase Space
Z
’x xl A
X, X e
X, [
|
o X, X, X
z
X —_—_ e =X, ;
Xo ° \_tjeam waist peg
-x,' x' A
—
] D SN
/7 N <
X, ‘ S
~ —
> X, X, X X
Y4 g
=X,
]
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