Radioactive lon Factories
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Motivation

Radioactive lon Beam Production Techniques
— Fast beam fragmentation/fission and in-flight-separation
— |ISotope On-Line production-method (ISOL)

Special Issues of Heavy lon Accelerators
— lon sources (OK)
— Charge-changing processes
— Low-f super-conducting linac structures (UR, HP)

In-flight Facilities
— RIKEN/RIBF

— GSI/FAIR

— MSU/FRIB

ISOL Facilities

— ISAC

— GANIL/SPIRAL2
— HIE-ISOLDE



Motivation

Progress in the production of radioactive isotopes
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Motivation

Landmarks from Unilac and SIS/ESR experiments

New Mass Measurements
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Motivation

International Union of Pure and Applied Physics (IUPAP) made a formal
decision to establish an ad-hoc Committee on International Cooperation in
Nuclear Physics (CICNP).

A new IUPAP Working Group, WG.9, had the mandate to provide a description
of the landscape of key issues in nuclear physics research for the next 10 to
20 years (http://www.lupap.org/wdg/), report 2010, contains list of facilities.

In Nuclear Physics ..wordwide..development of high-quality multi-faceted
...radioactive beams allows one to move from a one-dimensional picture
., to a two-dimensional picture where both proton and neutron numbers
vary over a wide range.

Equivalent recommendations are given in the Nuclear Physics European
Collaboration Committee (NuPECC) Long Range Plan 2010 for Europe
(http://www.nupecc.org).

In addition: Super-Heavy Element (SHE) research (race), 116+, 118?, 120?



Production Techniques

In-flight technique: Needs heavy ion accelerators for medium energy
(= 50 MeV/u) stable isotope beams. RIs are produced via
fragmentation/fission in a thin target and the fast Rls are in-flight

separated.

Universal, no chemistry involved, fast (= us lifetime), experiments with few isotopes, large AE
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Production Techniques
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Production Techniques

ISotope On-Line (ISOL)-technique: Needs light ion
driver/neutrons/photons. Rls are produced in a thick target, evaporated,
and singly ionized separated. Not all elements are possible (no
refractory elements).

High intensity, good beam quality, low energy (traps)
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World view of radioactive ion factories
Largest effort in the field of ion accelerators in history

B. Sherrill, 2011



Special issues of heavy ion drivers for in-flight facilities
lon Sources: From PIG- to ECR ion source: x3 in charge state
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Special issues of heavy ion drivers for in-flight facilities
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New S.C. ECR-ion sources provide access to heavy ion
nuclear physics for many existing cyclotrons
Cyclotron: T(MeV/u)=K - (q/A)? Linac: T(MeV/u)=qg/A - Eav (MV/m)- L(m)
T= Kkinetic energy Eav= average acceleration field
K=cyclotron parameter L= length

g=charge state Rf-power ~ (A/q)?



Special issues of heavy ion drivers for in-flight facilities

Equilibrium charge states of fast heavy ions after passage of matter

lon charge state can be increased by stripping off electrons at sufficiently high
energy in foil or gas targets

q=Z,(1-Ceexp(-Z, V*137+p)

g = average equilibrium charge state C=C"+140/Z72,C* =1.0285
Z, = nuclear charge of the ion y = .56 for foils and .65 for the
B=v/Cc nitrogen jet used at the Unilac

Charge states produced in the ion source and charge states after stripper targets
(gas or foil) are key figures for the layout and optimization of a heavy ion accelerator
facility for a given output energy.

For a linac the position of the stripper has to be optimized in order to minimize the
total acceleration voltage, jumps in rf-frequency, choice of rf-power sources, ....

That also holds for cyclotron stages, combinations of linacs with cyclotrons and
synchrotrons

Thereby one can gain in acceleration efficiency, save money, but looses
intensity



FRACTION OF ONS

Special issues of heavy ion drivers for in-flight facilities

Equilibrium charge state distributions of fast heavy ions after passing

foil strippers; electron shell effects
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Special issues of heavy ion drivers for in-flight facilities

Average equilibrium charge states of fast heavy ions, stripper density effects
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In addition, there are energy-dependant effects from the nuclear charge of the target,

Low-Z gas targets produce higher q at high energies.
Be-foils are best at low energies, but not at high energies.



Special issues of heavy ion linacs

Heavy ion linacs for drivers and ISOL post-accelerators:

« Low-B: Mass-to-charge ratio A/q out of source » 1 (uranium
238/30 = 8), even after stripping the mass-to-charge ratio is > 1

« Heavy ion accelerators require flexibility for a broad range of
mass-to-charge ratios and specific energies. Super-conducting
rf-structures with short cavities, independently phase controlled,
provide these features: quarter wave (QWRs) or half wave
Ir:)escgl)lna’hors (HWRs), more in the talks of U. Ratzinger and H.

odlec

« CW-beams: Advantageous for targets, coincidence experiments.

 High average gradients in cw-operation allow to build short
linacs for driver- and post-accelerators

« Beam loss budget has to be considered (high power drivers)



World view of super-conducting low-[3 linacs
for in-flight drivers and ISOL post-accelerators

R. Laxdal



N4 resonators (QWR) for drivers and post-accelerators

Many quarter wave prototypes |
have been built and tested world- Uit re
wide over the last 15 years T' :
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In-flight facilities

RIKEN RI Beam Factory (RIBF)

I Experiment facility

Old facility RIB 1986

. s y Accelerator I

RIPS GARIS 3 e
_ SHE (eg. Z=113) [ .~

60~100 MeV/nucleon ~ ~5 MeVinucleon

LEHIE (CNS) |

several MeV/nucleon

350-400 MeVinucleon
New facility - .

Uranium 345 MeV/u, since 2007



In-flight facilities

Schematic of the RIKEN Radioactive lon Beam Factory (RIBF) for the
in-flight production of radioactive beams (and superheavy elements)
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In-flight facilities
Operation modes of the RIKEN RIBF

mode 1: very heavy ion(A>40) (variable energy with variable frequency)

u
1:

mode 2: uranium 345 MeV/u (fixed enerfgy with fixed frequengy}
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mode 3: light heavy ion(A<40)
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O. Kamigaito



In-flight facilities

RIKEN super-conducting ring-cyclotron SRC

48Ca-345 MeV/u-400pnA; 238U-345 MeV/u-4pnA (1puA)



In-flight facilities

View of the existing GSI accelerator facility
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In-flight facilities

View of the GSI accelerators Unilac and SIS
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In-flight facilities

Existing GSI and FAIR Facility for Antiproton and lon Research,
construction started




In-flight facilities

Key parameters of FAIR

Ring Circum | Beam Beam energy Specific Features
ference | rigidity
[m] [Tm] [GeV/u]

Synchrotron | 1083.6 100 2.7 for U™ Fast pulsed superferric magnets up to B=2 T, dB/dt=4 T/s, bunch

SIS100 29 for p compression to ~60 ns of 510" U ions,
fast and slow extraction, 5-10"* mbar operating vacuum

Synchrotron | 1083.6 300 34 GeViu for Pulsed superconducting cosB-magnets up to B=6 T, dB/dt=1 T/s,

SIS300 U™ slow extraction of ~ 3-10' U-ions per sec. with high duty cycle,
5.10"* mbar operating vacuum

Collector 212 13 0.740 for A/q=2.7 | Acceptance for antiprotons: 240 x 240 mm mrad, Ap/p=+3x10~,

Ring CR 3 for antiprotons fast stochastic cooling of radioactive ions and antiprotons,
isochronous mass spectrometer for short-lived nuclei

Accumulator 245 13 0.740 for A/q=2.7 | Accumulation of antiprotons after pre-cooling in the CR, fast

Ring RESR 3 for antiprotons deceleration of short-lived nuclei, ramp rate 1T/s

New EXpEl‘i- 222 13 0.740 for A.-"q=2 .7 | Electron cooling of radioactive ions and antiprotons with up to

mental 3 for antiprotons 450 keV electron-beam energy, precision mass spectrometer,

Storage Ring internal target experiments with atoms and electrons, electron-

I‘CESEE. B nucleus scattering facility, deceleration of ions and antiprotons,
ramp rate 1 T/s

High-Energy 574 50 14 Stochastic cooling of antiprotons up to 14 GeV, electron cooling of

Storage Ring
HESR

antiprotons up to 9 GeV; internal gas jet or pellet target

Modules of the start version




In-flight facilities

Trees for 1 to 3

have been cut.

For SIS100 that

will follow soon.

Super-ferric dipoles
Super-FRs  for SIS100 have

been ordered.

The FAIR modularized start version. Colouring of modules:0 — green; 1 —red; 2 — yellow; 3 — orange.
Modules 4 and 5 are not marked. Start version costs about 1 B€.



In-flight facilities

Coupled cyclotron facility (National Superconducting Cyclotron
Laboratory, NSCL) at Michigan State University (MSU)

to experiments " A1900

Coupling
beam line

1988 ///////X y

N=Z:200 MeV/u




In-flight facilities

Coupled cyclotron facility (National Superconducting Cyclotron
Laboratory, NSCL) at Michigan State University (MSU)

D.J. Morrissey, B.M. Sherrill, Philos. Trans. R. Soc. Lond. Ser. A. Math. Phys. Eng. Sci.
356 (1998) 1985.
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In-flight facilities

MSU post-accelerator for for in-flight produced radioactive isotopes: ReA3

> 50 MeV/u M lti
Beams from PF Harmonic
Buncher
* — B0.5 MHz BO.5 MHz
SRF-QWR SRF CWER
[ e e \
Gas
stopper

o/A Experiments | MSU

Separator

Figure 1: Reacceleration concept for ReA3.

12 keViu

600 keViu

238 0.3 - 3 MeV/u
48Ca 0.3 -6 MeViu

80.5MHz
4.1%, 8.5%

module

Expansion from now 3 to 15 MeV/u uranium:ReA15



In-flight facilities

MSU Facility for Rare Isotope Beams (FRIB), construction start in 2013
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In-flight facilities

Super-conducting rf-cavities for the MSU project

Four types of cavities

for the whole energy range:
2 QWR and

2 HWR for the FRIB linac
2 QWR for the post-accelerator

A4, Bopy = 0.041, 80.5 MHz

QWR QWR HWR HWR
[=0.041 B=0.085 B=0.285 B=0.53

9 T solenoid 1m

1 meter



In-flight facilities
Other facilities/projects

IMP-HIRFL Lanzhou, China, « Korea Rare Isotope Accelerator
2005 Project: In-flight plus ISOL
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500AMev U/,
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RFQ scl IFF linac scL - M.wl{‘(u)' o Future extension
& |
:-: ,c"d‘fg;" | W, neutren,
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17.5 MeV/u (U)
> 11 ppA

Nuclear Astrophysics
. [l Material science
S inac R

X = Medical / Bio science
== Beam line [for acceleration)
. Fag Nuclear data
Beam line [for experiment]

Ll Target buiding
u Experiment building

12.1 Tm
1100AMevHC
520AMev U™
3.7GeV/C

Figurel: Layout of HIRFL System



ISOL-facilities

ISAC at TRIUMF, Vancouver, facility for the production and
acceleration of radioactive isotopes since 1998 with the ISOL-method
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ISOL-facilities

ISAC-Il (Phase |l - High Velocity Section - 2009)
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ISOL-facilities
View of the super- conductlng Imac of TRIUMF ISAC I




ISOL facilities
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ISOL-facilities
GANIL SPIRALZ2 Facility

- Neutrons For
LINAC: .. Science
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ISOL-facilities
SPIRAL2 Linac

"SPIRAL-Il GANIL (20MeV/u d+, 5mA)

The main process being the fission in uranium carbide targets via fast neutrons
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ISOL-facilities

The CERN ISOLDE facility
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ISOL-facilities
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ISOL-facilities

The HIE-ISOLDE SC linac




On the way to EURISOL:
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