ECRIS-Upgrade at GSI

ECRIS = Electron Cyclotron Resonance lon Source
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ECRIS Working Principle and Characteristics
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Upgrade strategy

18 GHz upgrade

Technical concept and outlook
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ECRIS Working Principle and Characteristics

Two coils for the axial
magnetic confinement
system

lFId[kG]

aaaaa

MQ
&
@
a
I
n
Q
I

40 45 50
B amAx s [em]

Sextupole for

lon extraction

ground
oV

plasma
+10-15 kV

-4 screen

-2 kV 16-37 mm

the radial
& confinement
IRON YOKE HEXAPOLE
IRON o HY BREAK
4 WINDOW
m
N PLASMA CHAMBER = e BECR —or—¢ f
€
S Gas/Vapor
—r— injection
INSULATOR
IRON
@ PUMP 100 mm
]
Klaus Tinschert 31.01.2019

3 GSI Helmholtzzentrum fur Schwerionenforschung GmbH




Confinement and ECR Surface
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ECRIS’s History === 1

ECRIS Empirical Geller's Supermafios (1975, 3 MW! 16+8 GHz)
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ECRIS Properties === 1

Properties and benefits:
No filaments <> reduced maintenance
Low material consumption =» long endurance and high efficiency
Excellent long time stability
High charge states = no postacceleration required, direct injection into post-stripper
The very same ion source is likewise appropriate for cw-mode operation and for pulsed operation
ECRIS is well suited for long beam times under stable operating conditions (UNILAC and SIS)
Enables a parallel operation in combination with high current ion sources (HLI © HSI)

Main future requests of the experiments:
New ion beam species to be developed from the ion sources
Increase of ion beam intensities for most ion species

According to scaling law:
Available charge states and intensities increase with operating frequency o

Increase of microwave frequency: oge = ®gcr ~ B
Higher magnetic flux density necessary (superconducting magnets)
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GSI Accelerator Facilities =R

Target Area

—_Aperimental Area
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ECRIS @ GSI - Status Quo =%

The CAPRICE ECR ion source (ECRIS) is in operation at the HLI since 1992.

Total number of its operating hours for the accelerator: > 5000 hours per year.

Despite repeated upgrades the ion source and its ancillary equipment show age related deterioration.
Failure probability increased disproportionately in the last years.

= This outdated technical standard implies the replacement by adequate modern technologies.
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Selection of lon Species from ECRIS

* enriched elements

* enriched compounds

Gaseous Elements Solid Elements Solid Elements
and Compounds and Compounds and Compounds

Element [Isotope Charge | Main | Aux Element|lIsotope Charge Samp!e Aux Element|Isotope Charge Samp!e Aux

States | Gas |Gas States |Material | Gas States |Material | Gas

H, 1 Hy | - y 8L 1 LiF, * | He Fe *’Fe 8,9 Fe | He

C ¢ 2 co, | 0, "Li 1 LiF | He N 8,9 Ni He

o %0 3 0, | He Mg 5 Mg | He Ni 52N 9 Ni, * | He

%0 3 | 0,*|He Mg Mg 4 Mg, * | He N 9 Ni, * | He

Ne ONe 4 Ne | He Mg 4,5 Mg, * | He 47Zn 10, 11 Zn0 | O,

2Ne 4 |[Ne, *| He . 285 5 Si0 | He Zn %7n 10 Zn0, * | 0,

s 5 so, | O, 30; 6 SiO, * | He 7n 10 Zno, * | O,

S Mg 6 [SO,, *| O, ca “ca 6,7 Ca He Ag 107pg 15 Ag 0,

36 5 |SO, *| O, *Ca 7,10 Ca, * | He U2gn | 15,17 | Sn,* | O,

Ar *Ar | 5,6,7 | Ar,* | O, o BT 7 Ti He Yo | 16,17 | Sn,* | O,

“ar |6,7,8| Ar | O, S0T; 7,8 Ti,* | He Sn 1185y 16 Sn,* | 0,

‘ 4Ky 12 Kr | He Y Sly 8 Y He 225n 17 sn,* | O,

8kr 12 | Kr, * | He Ocr 8 Cr,* | He 124g 16 sn,* |0,

124%e | 15,16 | Xe, * | O, Cr >2cr 7 Cr He Au e\ 24 Au 0,

Xe 129y e 18 |Xe,*| O, ey 8 Cr,* | He Pb 208p 27 Pb,* | O,
Béye | 18,19 | Xe, * | O,

=» Evaporable solids (metals) — vapor pressure of ~10-2 mbar
at T < 1600°C for Standard-Temperatur-Oven (STO), and

at T < 2000°C for High-Temperature-Oven (HTO)
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HLI lon Beams 2002-2008 =R
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HLI lon Beams 2008-2015
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Consumption & Efficiencies

ion species natural isotope material average CE e || EfEIEne;
of accelerated | abundance | enrichment samp-le consumption _partlc]e cll ererge | caarge
charge state g (%) (%) material (ug/h) intensity states State q
(puA) | (%/qi...qr) (%)
3Hel* 0.00014 99.9 He

bLit* 7.5 95 LiF 1120
22Net* 9.25 99.9 Ne
BMg** 10 99 Mg 620 38 26/2...8 5.7
2Mg°t 11 99 Mg 310/170* 20 26/47*/2...9 ||6.4/11.5*

I Si®* 3.1 99.5 Sio 1090/580* 13.3 540%3 9 | 1.3/2.6*

4GSt 4.2 80 SO; 660 12.4 14/2...9 2.5

36g5+ 0.02 79 SO, 420 12.4 23/2..8 4

~ AT 0.34 99.5 Ar

“8ca’* 0.19 96 Ca 210 6.6 40/3...12 5.7
48Calor 0.19 96 Ca 200 14.0 43/3...11 12.6
Socr* 4.35 96.5 Cr 2300
S4cr’* 2.37 99 Cr 2300
S8Fg8* 0.28 >90 Fe 3100/1440*

BANj®* 0.93 93 Ni 1300 4.5 4.5/4..13 0.8
70zntot 0.6 95 ZnO 3170 7.8 3.3/5...14 0.5
H2gp15+ 0.97 99 Sn 890
Hagplr 0.65 87 Sn 1000
124gp 16+ 5.8 96 Sn 1200
124y 17+ 0.1 99.9 Xe
136y 18" 8.9 99.9 Xe 550 2.2 50/6...25 2

* with material recycling

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Klaus Tinschert

e analysed ion currents in
front of the accelerator

e no correction for LEBT
transmission
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ion current (MA)

8cal’* Beam Efficiency

lon charge state: 4Cal0*

Average intensity: 100 ... 140 epA
Total run time: 1500 hours

3 refillings of standard oven STO

Material consumption without recycling: 0.5 mg/h
Material consumption with recycling: 0.2 mg/h
Efficiency material to ion beam: > 50 %
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Ar Beam Stability
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“OAr%* run of 36 days

without any beam interruptions
no retuning necessary

Setting up of ECR ion source
and accelerator for “°Ar®*

Stable beam of “°Ar®*
during the run
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Ar Beam Stability

Detailed View for GUN3DT1
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Last period of the Engineering Run delivering stable beam of
40Ar®* to the CW-Demonstrator@HLI after intensity optimisation
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Afterglow Mode
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By pulsing the microwave power, the extracted current of highly charged ions increases
in burst pulses.

The afterglow current can be optimized by tuning the pulse duration or the pulse period
or the duty factor (d=t,/T).
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FAIR + LINAC Requirements === 1l

Two clients:
= Synchrotron (FAIR): Highest ion energies at low duty cycle; high pulse intensities
= LINAC: Medium energies at high duty cycle; high cw intensities

ECRIS @GSI in cw operation or in afterglow mode

Pulsed operation for FAIR: up to 4 pulses per second; 150 ps; asymmetric timing scheme
Afterglow operation for FAIR: 10 pulses per second + electrostatic beam chopper

FAIR science: great variety of ion species including rare and very rare isotopes

LINAC science: predominantly rare and extremely rare isotopes (e.g. “8Ca)

Operational requirements

Mechanical design: as simple as possible & based on well-established techniques
Basic requirements: easy handling & high reliability

Easy change of main gas/auxiliary gas or of oven (lock system)

lon production: high ionisation efficiency of metal ion beams

Short intervention times for change of ion species/maintenance

Good reproducibility of ion beams

Maintenance: Facilitation by appropriate technical construction

Easy cleaning of the plasma chamber
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Future lon Beam Requests === I

Great variety of ion beams requested for FAIR science and UNILAC science
— including beams of rare isotopes

Very economical use of enriched materials for ion beam production from rare and
extremely rare (limited availability on the world market) isotopes

lon Beam production from ECRIS mandatory for:

He S (S, 3%S) Ni (54Ni)

Li (°Li) Ca (**Ca, “8Ca) Zn (7°Zn)

Ne (*?Ne) Cr (°°Cr, 34Cr) Kr ("8Kr)

Mg (ZSMg, 26Mg) Fe (58|:e) Sn (1125n, 114Sn’ 116Sn’ lZZSn’ 124Sn)
Si (3°si)

lon Beam production from ECRIS preferable for:

C Ti (°°Ti) Pb (?%4Pb, 206pb, 208Ph)

Ar (3°Ar) Xe (124Xe, 136Xe) Au

Bi

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Klaus Tinschert 31.01.2019



Charge States =0

“Reasonable” charge states for injection into RFQ:

e 15kV < U, <30kV (no high voltage platform)

e Fixed input velocity (specific input energy) defined by RFQ: 2.5 keV/u or 4.0 keV/u

e Particle factor: I,/q (experimentalists as beam users mostly request high particle intensity)

e Choice of charge state: depending on CSD as low as reasonably possible (best compromise!)

Vspec > 2.5 keV/u | 4.0 keV/u High Charge State Injector
m/q = | 2.0-85 2.0-8.5 2.0-8.5 with CAPRICE-ECRIS
g/m =>| 1/85-1/2 | 1/85-1/2 | 1/85-1/2 2.5 keV/u; m/q < 8.5
Uex > 5kV-22kV | 8kV-34kV
e et el el [
H, 1 1 1 1 5
4He 1.. 1 1...2 2 1 10
12C 2..6 2 2.4 2 2 15
22Ne 3...10 3..5 3...6 2 4 13.75
48Ca 6...20 7..11 7..13 2 10 12
84Kr 10...36 10...16 11...22 2 12 17.5
136Xe 16...54 17 ...23 18...35 2 18 18.9
197Au 24...79 24 ...32 26...52 2 24 20.52
209Bj 25...83 26...34 28 ...55 2 27 19.35

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Klaus Tinschert
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Increase of Average Intensity =%

m High intensity in adequate charge states

1000 - —— 28 GHz SC-ECRIS (extrapolated)
= Higher duty cycle in LINAC _._fg g:i gEEgE
- - 18 GHz RT-ECRIS
(requires higher charge states) _ e 14 Gt GSICAPRICE Il
< 100
=
Semiempirical scaling law: (A% ~ anCRZ A
>
=» increase of microwave frequency: g) L0
WrF = Wgcr ~ B +GC3
= higher magnetic flux density -
(superconducting magnets) 14
20 25 30 35 40 45 50
Dedicated 18 GHz ECRIS + 28 GHz SC-ECRIS: Xe charge state

m higher electron energies (improved generation of HCI)
m higher plasma densities (enhanced extractable ion current)
m improved ion confinement (reduction of losses)

m large plasma volume (reduced plasma wall interactions)
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ECRIS Performance Upgrade — Strategy === I

Boundary conditions:

14.5 GHz CAPRICE ECRIS (status quo):

= |imitation of intensities

= |imitation to ion masses only up to Xe (not available e. g.: Nd, Sm, Au, Pb, Bi, U)
Overcome these limitations <> 18 GHz ECRIS + 28 GHz SC-ECRIS

Available charge states and intensities increase with operating frequency (14 = 18 =» 28 GHz)
e. g. Xe?%* 25 yA — CAPRICE@14.5GHz - 200 pA — PKISIS@18GHz = factor 8
and Xe?™* 80 pA — PKISIS@18GHz - 800 pA — SECRAL@28GHz = factor 10

Applicability of 2 operating modes:
= CW = no limitation of duty cycle = UNILAC/CW-LINAC
» Pulsed > SIS18 Requirements

Approach in stages:
Oth stage: Continued operation of the existing 14.5 GHz CAPRICE ECRIS

1st stage: Moderate upgrade at moderate cost with a conventional ECRIS (RT, Hybrid) @ 18 GHz
(complementary ion source for redundancy / finally replacing 14.5 GHz CAPRICE ECRIS)

2nd stage: Full performance upgrade with a Superconducting-ECRIS @ 28 GHz with separate
injection beam line

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Klaus Tinschert 31.01.2019



18 GHz ECRIS (1%t Stage) =

Relevant current projects and developments
Several promising approaches utilizing new technologies and new materials
Easy handling; based on well-established techniques
Options:
HIISI, University of Jyvaskylad, Finland; RT: permanent magnet hexapole + RT solenoid coils
AISHA, INFN-LNS, Catania; Hybrid: permanent magnet hexapole + SC solenoid coils

PK-ISIS, Pantechnik S.A., Bayeux, France; Hybrid: permanent magnet hexapole + SC solenoid coils

L9 170 895, 92 695, 170 AA(1:5)

HIISI
(University of Jyvaskyl&) I T S 7

(INFN-LNS Catania)
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28 GHz SCECRIS (2" Stage) == I

General benefits
Considerably increased intensities of ions in medium and high charge states
Adjustable axial radial magnetic fields for optimum adaptation to medium and high charge states
Established cryogenic technology
Possible synergy for collaboration and a joint project GANIL — GSI (SPIRALZ2 phase 1++ & FAIR@GSI)

Realised projects of the past decade
VENUS-SCECRIS, LBNL, USA (left) =» upgraded version under construction for FRIB@MSU
RIKEN-SCECRIS, RIKEN, Japan (right) =» second item planned @RIKEN
SECRAL, IMP, China =» second item under commissioning @IMP

4K Cryocoolers,
/ HTc Leads

Superconducting LN Reservoir |
Coil Structure |
e Reservoil Solenoid Lens
Injection Tank, 3
18GHz and 28GHz Waveguides, / 5[;;t;acnon Tank
2000 degC High Temp. Oven

Movable Extraction System

GM-JT refrigerator
Solenoid coils

Dielectric coupler GM refrigerato Hexapole magnet
Mode filter pc preak
: / Beam extraction

= || electrode

Plasma

Beam Directior
= =
Turbo Pump
Cryos[at =
Turbo Pump /fon Yoke Gyrotron(28GHz)
Mode converter | Vacuum window
Support Struts Plasma chmaber | S0lenoid coil
© Property of LBNL,USA © Property of RIKEN, JAPAN
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18 GHz ECRIS Upgrade =

Objectives and approach for HIISI@Jyvaskyla (JYFL)

Increase of ion energy out of K130 cyclotron
from 9 MeV to 15 MeV: 10 nA of Xe***

Increase of ion current of medium charge states by factor >5
14 GHz ECRIS cannot meet the requirements
Evaluation of existing ECRISs

SUSI (NSCL/MSU) has demonstrated adequate performance
in 18 GHz operation mode
3

Design basis for JYFL 18 GHz ECRIS 107 . . l '
Replace SC concept of SUSI by RT solution 5 VENFS&?H? 832 |
T JYFL 14 GHz
< | Taa
2 10 | T
& A
SUSI = Superconducting Source for lons z
HIISI = Heavy lon lon Source Injector é) 0
1 g
10 " i
/

600 nA of Xe** 1

=)
®
A

80 nA Xe***

. 30 35 40 45
Charge state
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Magnet System

V Binj/Ext L
ECRIS Binj/Min/Ext/Rad [T] [T/m] | [mm]

SUSI:
Ari2+ 2.5/0.43/1.19/1.06 6.8/5.6 142
SUSI:
- 2.8/0.46/1.56/1.36 | 6.6/5.9 115

jes e ——

— 0K = —

\

S

This value with 24 segment Halbach type
> 1.4 T with 36 segment Halbach configuration

Obtain B,,4 = 1.36 T with permanent magnets is very challenging
Refrigeration increases intrinsic coercivity — high B, grades
Remanence: 5% increase from +20 to -20°C
Use of 36-sector Halbach-configuration

25 GSI Helmholtzzentrum fur Schwerionenforschung GmbH
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HIISI:
desipy 2.7/0.43/1.52/1.32 | 6.3/6.3 132 ﬁ
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Permanent Magnet Properties
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Figure 4: Remanence magnetic field Brem of grade N48 permanent magnet
experimentally defined as a function of temperature.
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Permanent Magnet Properties === I

2.1e+06 ol |

50 z = 106 mm
1.68e+06 ~2,

= 1.26e406

y (mm)|

Hy(kA m)

8.4e4+05

4.2e405

0 50 100 150 200 250

_ _ , g
v
ol 1200
Demagnetisation analysis of HIISI permanent magnets it B o ¥
at nominal axial magnetic field of solenoid system >
Col‘ormap representation pf -H|| (H-field component : ' o
antiparallel to the magnetisation) W i =h= s Rk
Demagnetisation analysis -> magnets to be kept below 20°C

ECRIS-2014 Workshop
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HIISI Innovative Solutions =%

Innovative solutions:
High-permeability material in strategic places

Refrigeration of permanent magnets for increased remanence and coercivity (-10°C)
Grooved plasma chamber
Solenoids (injection, extraction): 7 double pancakes with 20 radial turns, 3 similar pancakes for
fine-tuning of minimum-B (total power consumption = up to 200 kW)
Safety of permanent magnets: cooling
Convective heat transfer caused by residual gas
Full separation of plasma chamber and permanent magnet hexapole by a vacuum gap of about 1.5 mm
Heat conduction via support structure of pumping chamber
Heat radiation from surrounding structures

_— Solenoid

HV insulator

«—— Vacuum chamber

Groove at
magnetic Vacuum gap
pole
Cooling tube
Permanent magnets

1.5 mm vacuum gap

A Pl

asma chamber

Vacuum insulated Water channel

from hexapole . 2
Groove at magnetic pole

Plasma chamber structure (maximise B,,4, cooling of the permanent magnets)
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HIISI Innovative Solutions =

Refrigeration of permanent magnets for increased remanence and coercivity Magnetic shielding

5 _:v/ {#:"i par  BANE\ s

SCALE 1:4
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HIISI versus CAPRICE

HIISI specifications

Frequency 18 GHz + 14 GHz
Klystron power 2.4 kKW + 2.4 kW
TWTA 8-18 GHz Prax 250 W
2 oscillators available
Brad (24-segm) 13T
Brad (36-segm) 145T
Binj 28T
Bext 13T
L (plasma) 120-150 mm
L plasma chamber 400 mm
D plasma chamber 100 mm
T hexapole -20 --> +15°C

Comparison of analysed ion intensities

HIISI results with 36 segment Halbach type hexapole
(presented at ECRIS-2018 Workshop,
Catania, September 2018)

HIISI optimised for medium to high charge states
CAPRICE optimised to medium charge states
Discrepancy increases with rising charge states

31 GSI Helmholtzzentrum fur Schwerionenforschung GmbH

lon current (epA)

Argon charge state | HIISI@JYFL | CAPRICE@GSI
9 450 70
11 680 30
12 570 8
13 330 2
Klaus Tinschert 31.01.2019




EIS Testbench

ECRIS: CAPRICE ECR lon Source
SO:  Solenoid

QS:  Quadrupole Singlet

MS:  Magnet Spectrometer
DC1-3: Diagnostic Chamber

MS

ECRIS DC1SO DC2 QS

ECR Injector Test Setup

=>» ldentical design as the low energy beam line
of the High Charge State Injector (HLI)
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Optimisation of Performance === 1L

Methods and parameters for optimisation of performance
B-field adjustment (intermediate solenoid coil)
H-wave frequency tuning + double/multiple frequency heating
Biased electrodes in the plasma chamber
Evaporation of solid materials (oven technology)
Afterglow mode (+ combination with p-wave methods)

Transfer of all best practices developed in 25 years of ECRIS operation
from CAPRICE ECRIS to new 18 GHz ECRIS
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64Ni deposit on inner side of the plasma electrode
after 6 weeks of operation

ECRIS-Team:

Ralf Lang

Jan Mader

Fabio Maimone
Patrick Patchakui
Klaus Tinschert

with support from the
ion source staff of I0S
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