Production, formation, and manipulation of
radioactive ion beams at SPIRAL-GANIL and S3-SPIRAL2

SPIRAL is the existing radioactive ion beam (RIB) facility at GANIL (Grand Accélérateur National d'lons
Lourds), recognized as one of the world-leading centers for nuclear research. The exotic nuclei are produced by
nuclear target fragmentation using accelerated stable ion beams and a thick carbon target. The RIB are then
formed at the target-source assembly and transported to the post-accelerating Cyclotron for lons of Medium
Energy (CIME) delivering high energy beams of outstanding quality and very high intensity for the experiments.

The ongoing upgrade of SPIRAL includes new production targets and ion sources which will add more than
20 new elements to the existing beams. A major part of the upgrade is the installation of an ECR charge-breeder in
the existing transfer line between the ion source and CIME. This will allow reaching higher charge states, and thus
higher energies after post-acceleration. The installation of the charge-breeder requires verification of the beam
transport with optical calculations due to changes in the lattice and the limits imposed by the existing beam line.
The first part of this presentation focuses on the optical simulations including topics such as transport efficiency,
dispersion matching, and emittance blow-up.

From the very beginning of the SPIRAL project, an upgrade — SPIRAL2 — was envisaged to increase both the
range and the mass of exotic nuclei produced by SPIRAL. The SPIRAL2 project employs a superconducting linear
accelerator (LINAG) which will provide extreme intensities of light/heavy-ion beams for RIB production both by
low-energy in-flight and ISOL methods. The in-flight production will be made at the target station of the S3
spectrometer. The latter is designed as a momentum achromat combined with a m/q separator. It will allow to
produce pure samples of exotic nuclei either for delayed spectroscopy studies at the focal plane of S3 or for gas
stopping, laser ionization, and subsequent extraction of low energy RIB towards a decay station and/or the future
DESIR facility. The second part of the presentation will focus on the operation modes of the S3 spectrometer and
the formation and manipulation of the low energy radioactive beams using a complex system of Radio
Frequency Quadrupoles (REGLIS3 ANR).
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Outlook

SPIRAL (Systéme de Production d'lons Radioactifs Accélérés en Ligne)

Radioactive ion beams at SPIRAL-GANIL and S3-SPIRAL2

SPIRAL upgrade project
- Production target/ion sources and the TBE beam line
- Installation of a PHOENIX Charge Booster in TBE
- TBE beam line modifications
- Operations modes of TBE
- Optical calculations
- Conclusion

S3 spectrometer and LEB branch
- Main operation modes
- Delayed spectroscopy
- In-gas laser ionization and spectroscopy (IGLIS)
- S® LEB line
- Simulations for REGLIS?
- Gas jet atoms interaction with ions
- S-shaped Radio Frequency Quadrupole cooler
- Quadrupole mass filter
- Novel techniques for mass selection
-Conclusion



Physics motivation for RIB at SPIRAL-GANIL and S3-SPIRAL2

SPIRAL (Systéme de Production d'lons Radioactifs Accélérés en Ligne)
NUCLEAR STRUCTURE EXPERIMENTAL METHODS AND TECHNIQUES

SHE+VHE Mass measurements

- Static properties of nuclei (ground and isomeric states) Decay spectroscopy

- Nuclear structure and deformation - decay.properties and nuclear structure studies

- Limit of the nuclear existence = correlations, cluster emission, GT strength

- Reaction mechanisms - exotic shapes, halo nuclei

- Shell correction effects

Laser spectroscopy
- Atomic properties - static properties of nuclei (ground and isomeric) -
Proton Dripline & N = Z region nuclear structure and deformation
- Shell correction effects Correlation measurements
- Deformation — shape coexistence - beta-neutrino correlations
- Exotic decays - correlations with polarized nuclei

Neutron-rich Nuclei

- Evolution of shell.closure (Tensor, 3-body forces, ...)

NUCLEAR ASTROPHYSICS Low energy RIB

_Thlprocess nuclosynthesis — transport to dedicated experiments

- CNO ( traps, decay studies, g.s. spectroscopy)
FUNDAMENTAL INTERACTIONS High energy RIB

- QUC hypothesis, KM matrix unitarity (V_,via 0* — 0') | = secondary reactions & production,

- Exotic interactions (scalar and tensor currents) — prompt & delayed spectroscopy

- CP and T violation
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Radioactive ion beam production methods
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Radioactive ion beams at GANIL/SPIRAL2
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RIB from SPIRAL after upgrade (ISOL) - T
= CIME cyclotron = existing GANIL experimental area (2016)
= DESIR experimental hall — LIRAT beam line + new LEB line (2018)

RIB from S3 spectrometer (In-flight + ISOL)
= DESIR experimental hall — S3 LEB line + new LEB line (2018)

RIB from SPIRAL2-phase2 production (ISOL)
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Tres Basse Energie (TBE) beam line and SPIRAL upgrade
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Optical calculations for the 1+/N+ upgrade of SPIRAL

Main goal
Optimal configuration for the installation of a PHOENIX CB in the TBE beam line

Requirements

- Match beam properties to the requirements for object points of CIME, IBE and LIRAT
- Preserve achromaticity conditions (if/where possible)

- Maximize transmission in the desired magnetic rigidity range

- Provide sufficient resolving power for isotope selection before and after the booster

Operation modes
1. Charge booster ON (1+N+ mode)
1A. Loading of 1+ ions from ECR/FEBIAD into PHOENIX (Bp <0.22 T.m, A < 90))
1B. Extraction of from N+ ions from PHOENIX to CIME/IBE/(*LIRAT) (Bp <0.075 T.m, A < 90)
2. Charge breeding OFF (only coils of PHOENIX ECRIS in use)
2A. Transport 1+ ions from FEBIAD/ECR through PHOENIX to LIRAT/IBE (Bp <0.137 T.m, A <90)
2B. Transport of N+ ions from ECR through PHOENIX to CIME/IBE (lower Bp, not very critical)

reBiaD Jr= A\ [ proenix | 7 ™[ cImE
ECRIS e /N |_ECRISCB | \/ " LIRAT

Beam properties used in the calculations:
- FEBIAD: 25 TT.mm.mrad at 20 kV, AE/E = 0.5 %o, HT = 10 — 34 kV
- ECR/PHOENIX: 80 TT.mm.mrad at 20 kV, AE/E = 0.5 %0, HT = 10 — 34 kV



Dispersion matching and emittance blow-up
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Loading of 1 beams into the PHOENIX charge-breeder
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Extraction of N+ beams from PHOENIX to CIME
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FEBIAD/ECRIS beams through PHOENIX towards LIRAT (DESIR)
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ECRIS ® PHOENIX = CIME: COSY Infinity vs. TRANSPORT
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Optical calculations for the SPIRAL upgrade - summary

- Maximal transmission for the whole mass and rigidity range

- Estimation of emittance blow-up due to dispersion mismatch
- Minor modifications of existing elements (ES steerers, Q32, einzel lenses, apertures)
- In several calculations quadrupoles (Q13, Q15, Q33) operate at their maximal power

Source Mode Max.Bp A/Q ace. € Resolving
[T.m] [kV] [mm.mrad] power
ECRIS 1 0.22 117 20 80 170
ECRIS 1 0.22 230 10.2 112.3 143
FEBIAD 1 0.22 69 33.8 15.1 409
PHOENIX 2 [1 CIME 0.075 27 (13.5) 10 (20) 113 (80) 149 (178)
PHOENIX 2 [1IBE 0.075 27 (13.5) 10 (20) 113 (80) 149 (178)
149
ECRIS/FEBIAD 3 11 PHOENIX 0.1366 90 10 113 + 25 242 - 511
ECRIS/FEBIAD 3 [ LIRAT 0.1366 90 10 113 + 25 242 - 511
242 - 511

A summary of all beams and the achieved mass resolving powers for each case.

Mode 1 is for loading of ECRIS/FEBIAD 1+ beams into PHOENIX charge booster

Mode 2 is for extraction of N+ beams from PHOENIX to CIME, IBE or LIRAT
Mode 3 is for transport of 1+/n+ beams from ECRIS/FEBIAD (through PHOENIX) to CIME, IBE or LIRAT

SPIRAL upgrade is in progress and first RIB are expected in 2016



S3 spectrometer and production of radioactive ion beams
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Operation and optical modes of S* spectrometer

* Momentum achromat (P/Q)
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Spectroscopy at S@

In-beam spectroscopy (Two step reactions)
EXOGAM2, PARIS, AGATA, MUST2/GASPARD

Delayed spectroscopy (VHE-SHE, N=2Z)
p, a, y, e- decay
Implantation-decay station at the M/Q dispersive plane

Commissioning & first experiments SIRIUS
= MUSETT (Mur de Silicium pour I'Etude des Transfermiums par Tagging)
W FFP
World class experiments ;

= SIRIUS (or similar existing setup)

MUSETT



Optical modes of S° spectrometer

1. High Resolution mode
* Designed for maximum selection
» Weighted mass resolution: M/AM = 460
« Folded transmission: 50% for °8Ni + 46Ti » 1005024+ + 4n

2. High Transmission mode

* Designed for very asymmetric reactions (large emittances)
» Weighted mass resolution: M/AM = 260
» Folded transmission: 15-20% for %2Ne +2%%U » 2°>No + 5n

3. Converging mode

* Designed for gas cell — Laser spectroscopy
« Folded transmission: 68% for °®Ni + 4°Ca = %*Ag + p3n
« Folded transmission: 56% for 48Ca + 2%Pb = 2>*No + 2n

- AR
X - Yiney

Distributions at the Final Focal Plane for different operating modes



Converging mode based on HT mode for #*No distribution
HT mode

cal

/Q)

2>4No distribution (S3Fusion)

1** half of S3 — fixed, same as in HT mode™~ Converging mode



Gas stopping, neutralization, and selective laser ionization

REGLIS?: In-gas cell laser ionization and spectroscopy
* Pre-selection by S3 in-flight separator
» Thermalization and neutralization in gas (Ar, He)
* Selective re-ionization of stopped reaction products

* HR laser spectroscopy in gas jet (°*%°Ag, 1°4193n, trans-actinides)
« Decay spectroscopy and mass measurements

* Laser ion source RIB production DESIR

NP LT Total

A generic IGLIS setup to be commissioned and tested at the HELIOS [ 135%  128% 9

. . . M 1B.3% 15.3% 6.5% 56.4%

(Heavy Element Laser lonization Spectroscopy) laboratory @ KU Leuven =277 JASE RVVAE JRRRT —~
S N i Gas cell chamber D'ff_' Extraction
pumping chamber

S-shaped RFQ chamber Gas-cell +
de Laval nozzle . . .
Gas Cell lon collector f o touars Laser ionization
. - mass
Gas jet ) ; separator
Extraction . @
RFQ Extraction
electrode
Testing,
e arponder Optimization,
Thin boitin of the A2 At Installation at S® LEB
‘;;‘:::S stopped nuclei In-gas-cell ::'-:aast.::l:
ionization Z 1-10%-210° )

2-1-102 mbar 200 Hz 10 KHz mbar <1-10°mbar

The in-gas-jet laser ion source: Resonance ionization spectroscopy of radioactive atoms in supersonic gas jets,
Yu. Kudryavtsev, et al.,Nucl. Instrum. Meth. B 297 (2013) 7-22

Emil Traykov, IPHC, 22-Jan-15, page 20/37



Low energy beam line of S° spectrometer

Main steps

- lon transport simulations
e Dimensions and distances
e DC and RF electronics
e Vacuum and gas systems

- Design
- Construction
- Commissioning

————— {—Diagnostics
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=
oS

L\ e——_

e e

!
MR-TOF-MS

e
===
S

B s

————{—Diagnostics

-

- SRFQ :
cEp Gas:c:ell - QI\:/IF punch D:rift :tube IEinzel Diagnostics
! o L m i Buncher® & enses :
R N = |
T I: : i: :::::::’.’:Z::"::::_%—I|_! —— | : |:| I:l e -
> LML OE o P
e i i = Deflector |dentification
. ! . I .
REGLIS3 _§ g g g Diagnostics : station
R S S S 1S |
g 8 8 8 . DESIR
|

Emil Traykov, IPHC, 22-Jan-15, page 21/37



Free gas expansion jet definition and injection into RFQ

2
M, :x3[3.232—
X
3
1 2
P, :(1+§M22]

0 =atan2(y/y° + 27, x)

@ =atan2(y, z)

2
X

= 5,5 (e)cosz[

or
2-1.365

M= [3|p 1] -
Z J (p““ ] Jet-ions
5

)
pP= po[l"'%Mtzj
) 1
= TO[1+—Mt2J
3

interaction

/ N
/ N
/

/

0.7563 N 0.3937 0.0729]
3
X

No
de L

cell

apertur
_|5kT, M,
Vf 3 m 1
1+§Mf

Yu. Kudryavtseyv, et al., Nucl. Instrum. Meth. B 297 (2013) 7

D

L

V.=V, cos0
V,=V,sinfsing

V. = Vf sin &sin @

Emil Traykov, IPHC, 22-Jan-15, page 22/37



Linear RFQ: ion stable motion — operating modes
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7 eflﬁge%s. Ar background pressure

. m Optimization of parameters vs. pressure
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Optimal design for injection electrodes and SRFQ
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Quadrupole Mass Filter

Detailed StUdy of the QuadrUpOIe Mass = -lregion =-llregion =-lllregion-up = Illregion-down

Analyzer Operating Within the First, Second, 10— S

and Third (Intermediate) Stability Regions. -f-"—‘-n..\,.\\
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Resolving power
1%t stability region is preferable for the purpose of high transmission and R < 250

Operation modes of Linear Quadrupole Mass Filters

* RF only
* Fringe field acceleration (at g = 0.908)
* Notch filter (resonances in target ions for removal)

e RF+DC %
* First stability region

|_°_Se_co_nd_a|1d_thi_rd_st_ablli’g( r_egi_ogs_(_high_er_R'

X AX|aI.focu5|.ng at th(? exit aperture . = Novel techniques for
1 * Multiple axial focusing + unstable regions |

——————————————————— enhanced QMF operation

Py=UpctUrpCos(ag)

lower transmission) o,
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mMRFQ

~103 mbar

L 1 1 J

MRFQ and Quadrupole Mass Filter design

Entrance

Einzel lens
~10*mbar

Brubaker lens

84.6 84,7 8438 849 85

eIectlrode

85.1 85.2 854 85.6
Mass

DC/RF electrodes

/ I \ \

Quadrupole mass filter

few 10® mbar

\ Exit

electrode

Einzel lens
~10* mbar

Brubaker lens

Standard QMF operation with DC=0V on
the entrance and the exit Brubaker lenses
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Axial focusing of cooled ion beams in an RFQ

Single ion motion in a confining RF field
" g=0.22 " g=0.43

1.0 - — 1.0

N AWAWAN A A"

Z [mm] | z [mm]

Cooled ion beam — particles have similar initial properties after mRFQ
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Axial focusing + unstable motion (electronic aperture)
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Standard operation vs. axial focusing
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QMF operation modes: resolving power vs. transmission
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Parametrization of the QMF performance

QMF operation in axial focusing (+ unstable motion)
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Very demanding on precision of RF amplitude!
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S3-LEB conclusion
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