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Time evolution of the beam intensity  

Ar8+ ~80eµA                  2mA

Caprice 10GHz
Mini-mafios type

Caprice 14GHz
A-ECR(LBL)

RIKEN 18GHz

SERSE(Catania)

VENUS(28GHz)
SECRAL(Lanzhou)

RIKEN 28GHz

Xe30+ ~100eµA            ~200eµA



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 4

Heavy ion accelerator facility

GSI (Germany)

SPIRAL II (France)

MSU (USA)

FRIB (USA)

RIKEN RIBF (Japan)

Lanzhou (China)

Require intense beam of highly 
charged heavy ions

~15pµA of U35+, 1mA of Ar12+

RIBF (South Korea)
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RIKEN new isotopes 

U beam intensity (~0.8pnA) 345MeV/u S. Nishimura et al, PRL. 106(2011)052502
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SState of art of ECR ion sources

1. Introduction

4. Directions to future

3. Technology of SC-ECR ion sources

2. Main parameters of the traps for production of2. Main parameters of the traps for production of
highly charged heavy ions

Geller’s scaling lawsGeller’s scaling laws
High B mode conceptHigh B mode concept
Experimental evidencesExperimental evidences
Frequency tuning
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Magnetic system and frequency role
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Use of SC or HTS coils is mandatory for last generation ECRIS
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Frequency scaling

Binj Bmin Bext Br
28GHz   3.15   0.62   1.83  1.86T
18GHz   2.1      0.4    1.18  1.2T  (18/28)

S. Gammino, RSI., Vol. 70, 1999,3577

H.W. Zhao et al, RSI 81(2010)02A202

SERSE
RF power 1.8kW

Binj~3.5Becr,Bmin~0.8Becr,Bext~2Becr
Br~2Becr

SECRAL

Binj~3.5Becr,Bmin~0.8Becr,Bext~2Becr
Br~2Becr

Xe

Y. Higurashi et al, RSI 83(2012)02A333
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Frequency tuning

L. Celona ,REVIEW OF SCIENTIFIC INSTRUMENTS 81, 02A333 2010

Minima of reflection 
coefficient are cavity 
modes.

Often to resonant modes 
correspond current’s 

peaks
But...

it is not a rule! 

Some freq. are coupled with 
cavity but they do not match 

properly with plasma!!!
cavity but they do not match 
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FrequencyFrequency tuning

10

Strong 
fluctuations 
of heating 
rapidity for 
different 
excited 
modes inside 
the plasma 
chamber

F. Consoli, L. Celona, G. Ciavola, S. Gammino, F. Maimone, S. Barbarino, R.S. Catalano, D. Mascali, Rev. Sci. Instrum., 79, 02A308 (2008).
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FrequencyFrequency tuning

11

500 W MICROWAVE POWER 500 W MICROWAVE POWER 
INJECTION PRESSURE OF INJECTION PRESSURE OF 

4.3
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4.34.3⋅
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10101010-
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-6 mbar

HeHe GAS HeHe GAS 
Freq

GAS GAS GAS 
FreqFreqFreq sweepsweep: 14.5 : 14.5 GHzGHz±GHz±40 MHz FreqFreq sweep
Sweep

sweepsweepsweepsweep
SweepSweepSweep Time

: 14.5 : 14.5 GHzGHzGHzGHz±40 MHz 40 MHz 40 MHz sweep: 14.5 : 14.5 
TimeTime: 150 sec (x10) L. Celona et al., REV.  SCI. INSTRUM. 79, 023305, 2008
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elementelement in  focusingfocusing elementelement
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elementelement
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Electron and Electron and IonIon dynamics

12

The pattern of the electromagnetic field 
influences also the plasma density distribution

Plasma density distribution in 
proximity of ECR surface

NOTE that the plasma is almost completely
confined inside the resonance surface

Electric field pattern

D. Mascali et al., Proc. ECRIS 
2010, Grenoble, France.
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State of art of ECR ion sources

1. Introduction

4. Directions to Future

33. Technology of SC. Technology of SC-. Technology of SC-. Technology of SC-. Technology of SC ECR ion source

2. Physics of ECR plasma for production of highly charged heavy ions

High performance SCHigh performance SC-High performance SC-High performance SC-High performance SC ECRISHigh performance SC
X
High performance SC
XX-
High performance SCHigh performance SCHigh performance SC
XX--X-XX-X ray heat loadXX
Sc
X
ScSc-

ray heat loadray heat loadX ray heat loadray heat load
ScSc--Coils
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PioneeristicPioneeristic work
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PioneeristicPioneeristic work
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The 70’s&80’s: First Generation ECRIS 
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First generation ECRIS performances

Berkeley
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Second generation ECRIS
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ECR4, GANIL (1989)
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AECRAECR-AECR-U LBNL (1996)
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SERSE SERSE ionion source

Ref.: S. Gammino, G. Ciavola, L. Celona et al., 
Rev. Sci. Instr. 70(9), (1999) 3577



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 22

SERSESERSE 28 GHz

Reference design for all third generation ECRIS



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 23

SERSESERSE 28 GHz
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Ref..: S. Gammino, G. Ciavola, L. Celona, D.Hitz, A. Girard,G. Melin, 
Rev. Sci. Instr. 72(11), (2001) 4090
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SERSESERSE 28 GHz
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SERSESERSE 28 GHz

Focusing Solenoid
Magnet gap=54 mm

MAIN Issues:

• Beam Transport losses

• Plasma chamber cooling

• Increase of X-ray heat

load in the cryostat
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Third generation ECRIS
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VENUS
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VENUS SC magnetic system

. La Sapienza, 8/4/2020

Coil #1 Coil #2Coil #3

Sextupole CoilIronAluminum

Injection
Side

Extraction
Side

5T/div.

250A/mm2

per div.
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VENUS Plasma Chamber with XVENUS Plasma Chamber with X-VENUS Plasma Chamber with X-ray Shielding 

HV Insulator

2mm Tantalum
X-ray Shield

Aluminum Cover

Water Passage
Aluminum Plasma Chamber

Plasma electrode
Mounting PlateWater Cooling Grooves

at the plasma Flutes

Cooling Water 
Return 

D. Leitner , et al, Proc. Int. Workshop 
on ECR ion sources, 2010, Grenoble, France,p11  

Higher Bmin
Low gas pressure

Intense  beam of highly 
charged heavy ions

Strong X-ray heat load
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Uranium beam intensity 

30

 238U Intensity

Q
ECR

I ECR
(eµA)

I ECR
(pµA)

33 443 13.42

34 400 11.76

Q
ECR

I ECR
(eµA)

I ECR
(pµA)

33 432 13.1

34 445 13.1

 Beam Measurements 
with VENUS 

 FRIB Requirement
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U  Up to 8.3 kW Coupled to the VENUS ECR ion
source
• 28 GHz from gyrotron: 6.5 kW injected out of 10kW
• 18 GHz from Klystron: 1.8kW (Maximum available)

 Total extracted current exceeded 9 emA for a
transmission of 55%
 High intensity production was maintained for

about 10 hours.
 New record beam intensity obtained with VENUS

exceeds for U33+ the intensity needed to reach
400kW on target by accelerating only one chare
state
 Beam emittance 95% within FRIB requirement

(0.9pi.mm.mrad)
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SECRAL  24GHz (IMP CAS, Lanzhou)
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SECRAL Mechanics
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SC Coils SC Coils –– MagneticMagnetic system

33

Sextupole-in-solenoid:

Solenoid in sextupole:

Efficient use of the radial field (minimizes 
the peak field in the sextupole)
Solenoid field causes strong asymmetric 
forces on the sextupole coil ends.
Bulky magnet size and cryostat

Minimizes the influence of the solenoid 
on the sextupole coil field and forces
More compact. Lower cost.
Inefficient use of the radial field (larger 
radius, higher field in the sextupole coil)











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Uranium Uranium production production by sputtering at SECRAL

238U33+ 162 eμA at 3.1kW+0.7kW with 24GHz+18GHz 
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SECRAL beam performance
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SECRAL beam performance
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SECRAL II
GM Cooler

70 K Shield

He Reondenser

Cold Mass

Quench 
Protection

Warm boreLHe Reservoir

HTS Leads

Vacuum Vessel

Based on SECRAL Design

5 × RDK-415 D
Sumitomo
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SECRAL II requirements

SECRALII
24-28 GHz

FECR
45 GHz

100 kV HV 100 kV HV

HIAF requires source to 
deliver:

Pulsed     30 pμA
238U35+

CW         20 pμA

Ion source be able to 
produce:

Pulsed     >50 pμA
238U35+

CW         >30 pμA

Challenging requirements !!



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 3939

SECRAL II

Tube 
Type

Compa
ny

Freque
ncy 

（GHz）

Bandwid
th

（MHz）

Max. 
Output
（kW）

Output 
Mode

ECR 
Coupling 

Mode
Klystron CPI 18 50 2.4 TE10 TE10

Gyrotron CPI 28 <0.5 10.0 TE02 TE01

Gyrotron GyCOM 45 <0.5 20.0 TEM00 TE01

No. Frequencies 
(GHz)

Main Frequency
(GHz)

Max. Power 
(kW)

Used Power
(kW)

Note

1 18 18 2.4 1.5 √
2 18+28 28 12.4 12.4 √
3 28+45 28 30 7.4 √
4 18+ 28 + 45 28 32 7.3 √
5 45 45 20 4.0 √

Quasi-opticalOversized WG of Ø32 mm TE01

45 GHz
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SECRAL II

16.7 eμA Xe42+

45 + 28 + 18 GHz

Ion VENUS -2017* SECRAL -2016 SECRAL-II 

O6+ 4.75 2.3 6.7

O7+ 1.95 0.81 1.75

Ar9+ / / 1.75

Ar12+ 1.06 1.42 1.19

Kr18+ 0.77 / 1.03

Xe20+ / 0.5 0.82

Very Intense Beams (emA)

Ar17+ 120 50 133

Ar18+ 4 / 14.6

Kr28+ 100 / 146

Kr31+ 17 / 7

Kr33+ / / 0.5

Xe38+ 26 22.6 56

Xe42+ 6 12 16.7

Xe45+ 0.88 0.1 1.3

Highly Charged Beams (eμA)

 Cyclotrons

 HCI Physics

 Linacs

 Synchrotrons
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RIKEN RIKEN 28 28 28 GHz
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ECR zone size, field gradient effect

42

Flexible magnetic field (from “classical” to “flat “ Bmin)

IFLAT>Iclassic

Ex., “Flat Bmin “ structure
G. D. Alton and D. N. Smithe,
Rev. Sci. Instrum. 65 (1994) 775

Higher Bmin
improves CSD

Gentler grad
gives larger 
energy to el.
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ECR zone size, field gradient effect

43

• With same Bmin and magnetic field gradient the source has better perfomance when 
tuned for larger ECR surfaces

• Slight change in the magnetic field gradient can significantly change the ion beam 
production when the ECR surface and Bmin are not changed

• X-ray heat load strongly depend from ECR surface dimensions, magnetic field gradient 
(similar observations at NSCL-MSU)

Flexible magnetic field structures important to optimize ECRIS performances
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XeXe, U ion beam production (28GHz)

44

Xe25+ U35+

Sputter method
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XX-X-X-X ray heat load I

Intense  beam of highly 
charged heavy ions

Strong X-ray heat load

D. Leitner et al, Proc. Int. Workshop 
on ECR ion sources, 2010, Grenoble  

Higurashi et al, RSI 83, 02A308, 2012

Higher Bmin
Low gas pressure
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Outline

1. Introduction

44. Directions to Future

3. Technology of superconducting CR ion sources

2. Physics of ECR plasma for production of highly charged heavy ions
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Fourth Generation ECR Ion Sources 

Exceed the critical current of 
NbTi wire at 4.2K

Solutions 1) Use of NbTi wire at low temperture (<4.2K)
2) Use of other super-conducting wires (Nb3Sn)
3)new structure of the SC-coils

• 3rd Generation  f ≤ 30 GHz
• 4th Generation 30< f < 60 GHz

At > 40 GHz   magnetic field is a significant challenge and 
requires Nb3Sn superconducting magnets









≈

≥

≈

wallatBB
axisonBB

axisonBB

extrad

ECRext

ECRinj

2
5.3

Confinement criterion 

Binj ~  7 T

Bext=  4 T

Brad=  4 T

56 GHz
BECR ~  2 T

Binj ~  5.3 T

Bext=  3 T

Brad=  3 T

42 GHz
BECR ~  2 T

Binj ~  4.5 T

Bext=  2.6 T

Brad=  2.6 T

36 GHz
BECR ~  2 T

Binj ~  3.5 T

Bext=  2 T

Brad=  2 T

28 GHz
BECR ~  1 T
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Fourth Generation ECR Ion Sources 

48

 Gyrotrons at 53, 60 and 70 GHz at 200 kW for 100 ms can be run at 30 kW 
cw.  “No problem” to extend to 50 kW cw.

 Power requirements and chamber cooling
 The heat deposition on the plasma wall is highly non-uniform and ‘burnout” is the 

major concern. 
 Bremsstrahlung heating of the cryostat will require significantly more 

cryo-cooling power.  

10kW RF power

~10W heat load (28GHz)

>28GHz
We need higher cooling power (>10W)

GM-JT cryo-cooler   (~5W at 4.2K)
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Why is this the time to develop a 4Why is this the time to develop a 4thWhy is this the time to develop a 4Why is this the time to develop a 4
Generation ECR Ion Source?

• Heavy ion driver requirements are beyond the reach of 3rd Generation Source performance

• The R&D time needed for a new generation source is quite long. Example: VENUS (9 years from 
proposal to 28 GHz operation)

• High Energy Physics is driving the technology for Nb3Sn magnets—LHC upgrade—
• Nuclear physics can take advantage of these developments

• While the magnets are the most demanding technical challenge—The design studies show it is 
feasible to build an 4th Generation source at f ≥ 50 GHz

• The cost of such a source should only be about 2 or 3% of the cost of a state-of-the-art Rare 
Isotope Beam facility
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FECR: FECR: first first 4th 4th generation generation ECRIS

50
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IMP CAS IMP CAS –– FECR

51

Key parameters – Intensities expected 

129Xe30+ >1000 μA
129Xe45+ > 50 μA
209Bi31+ >1000 μA

Microwave 45 GHz/20 kW

Magnet conductor Nb3Sn

Axial fields（T） 6.5/1.0/3.5

Sextupole field （T） 3.8T@r=75 mm

Maximum field（T） 11.8 T

Maximum stress (MPa) 150

Magnet bore（mm） >Ø160

Stored energy (MJ) 1.6

Extraction （kV) 50

Typical beam 1.0 emA U35+

Nominal engineering 
current density

Je  (A/mm2)

Nominal wire 
current
Ie (A)

Nominal peak 
field

Bpeak-n (T)

Load factor

(%) 

Sext. 320 654 11.3 75.9
Inj. 365 692 11.8 78.2
Mid. -200 380 5.0 36.5
Ext. 330 626 9.7 67.3

Binj> 6.4 T Bext= 3.5 T

Bmid= 1.0 T

209Bi55+dd > 50 μA
238U35+ >1000 μA 
238U41+ > 200 μA 
238U56+ > 30 μA
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Nb3Sn Nb3Sn SextupoleSextupole coil 

Pole

Sextupole Coil 

Injection endshoe

Coil insulation plate

Coil insulation plate

Coil end plate

Coil end plate

Extraction endshoe

Iron+Ti alloy

（654 A@12 T）

C5100 Alloy
G10

316 LN SS

G10

316 LN SS

C5100 Alloy

• Coil winding 
• Pre-curing
• Heat treatment
• Epoxy impregnation
• Coil insulation check
• Coil cryogenic and quality test
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45 GHz quasi 45 GHz quasi opticaloptical coupling

Mirror5
BN 

Widow

28GHz 
waveguide

TEM0
0

TE01

Total efficiency of quasi-
optical transmission line
and mode converter is
about 97%.

Mirror5
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BeamBeam production

28+45+18 GHz, 5.0+1.0+0.85 kW  

H.W. Zhao, et.al. RSI, (2018)  

Only 45 GHz, 4 kW 28+ 45 GHz, 3.0+2.3 kW

Total microwave power is different 
for the three cases 
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LBNL LBNL –– ECRIS 56 GHz

55

• Two 5 W GM-JT cryocoolers at 4.2 K
• One shield cryocooler 6 W at 20 K and 120 W at 77 K
• High Tc leads
• Static heat load 1.5 W
• Magnets on + 0.15 W
• Warm bore 170 mm ID
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LBNL ECRIS 56 GHz

Starting point—VENUS Geometry
Frequency---56 GHz (twice that of VENUS)
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Operational condition at 28 Operational condition at 28 –– 42 42 –– 56 GHzOperational condition at 28 
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Peak field = 94% of 
critical field

Operations at no 
more than 85% are 
expected for stable 
operations. 

Margin easily 
increased
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SextupoleSextupole and solenoid and solenoid e.me.m forcesSextupoleSextupole and solenoid and solenoid and solenoid e.me.me.m
Deformed shape 

Displ. scaling = 100



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 5959

 All the components of the 
impregnated coil bonded
 Both sextupole and solenoids

 Output
 Peak stress  --OK
 Bonding tension between turn 

and pole
• <20 Mpa--OK

Sextupole displacement
X 100

3D analysis with real structure
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MagnetMagnet supportsupport structure

60

Because of large e.m. forces acting 
on the SC material, the magnets 
require precise control
of the preload in order to minimize 
conductor motions at 4.2 K. 

Shell structure and keys to Shell structure and keys to Shell structure and keys to prestress

S. Prestemon, F. Trillaud, S. Caspi, P. Ferracin, G. L. Sabbi, C. 
M. Lyneis, D. Leitner, D. S. Todd, and R. Hafalia, IEEE Trans. 
Appl. Supercond. 19(3), 1336 (2009)
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MK1 new MK1 new approachapproach to 4th generation ECRIS

61

All of the Azimuthal Currents Flows in the 
same Directions! 

No Repulsions between the Solenoids and 
the Sextupole Ends

One body wound closed loop multipole using Ioffe bars.
M.S. Ioffe and B.B, Kadomtsev, Sov. Phys. Usp. 13, 225 (1970)

6 rect. bars
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ClassicalClassical hexapolehexapole structurestructure of 6 racetrack coils

62

• No Axial Field Contributions due to the opposite end turn 
currents 

• The alternating current flow interacts with the axial fields 
resulting in a set of strong radially outward W1 and inward W2 
forces, as well as axial repulsions and attractions on the 
solenoids

Sextupole ends have to be axially extended

Bulky magnet and cryostat, higher radial repulsions 
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RectangularRectangular IoffeIoffe barsbars yieldsyields betterbetter formform factor

63

Under the condition of equal field strength at the magnet pole and gap surfaces, the rectangular bars can be 
designed with shorter distance from the bar center to the gap surface.
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ClosedClosed looploop sextupole

64

The closed-loop sextupole axial 
contributes almost 30% of the 
injection and more than 50% of 
the extraction mirror fields. 

WIRE TENSION ISSUE
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Current Loading of Current Loading of NbTiNbTi and Nb3Sn Wires

65
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The new The new magneticmagnetic structure

66

Pro: A very promising new magnet 
structure for higher-field ECRIS with 
many advantages over the existing 
magnet structures 

Cons: Needs a stepped cryostat with 
partial hexagonal warm bore and plasma 
chamber; Complexity of the new sextupole 
winding 
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GAS MIXING

67
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CondensableCondensable IonIon beambeam production in ECRIS

68



L. Celona, Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020 69

Production of Production of metallicmetallic beams

69
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Production of Production of metallicmetallic beams

70
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Production of Production of metallicmetallic beams

71
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Production rate of RI beam
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ECR Charge breeding ECR Charge breeding –– Efficiency Efficiency -- ∆∆∆∆∆∆∆∆∆∆V
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Production rate of RI beam
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Beam Extraction from ECR Ion Sources
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Ion Extraction from the plasma
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Hot electrons contribution to the emittance
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Example of Extraction system
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Beam transport and separation
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Production rate of RI beam

200MeV/u    

400MeV/u

Additional accelerator 

Construction cost 
several 100M US$

~20

~5
New SC-ECRIS

Construction cost 
<10M US$

Need  development !!!
(new techniques, 

new structures, etc…)

~5 ~20

C. Jiang et al, NIM A492(2002)57
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ThereforeTherefore….

81

 As Geller predicted, frequency scaling 
promises us higher intensity and higher 
charge states 

 The design and construction of a magnet 
structure for a 4th Generation ECR is the 
most challenging task.

Fourth Generation ECRIS: an old idea!
“… we propose a bolder extrapolation.
…With a 56 GHz generator, 
TRIPLEMAFIOS should
furnish up to U50+ ions!”

Richard Geller, IEEE-Trans NS-23, 1976
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BUT…
Laboratory magnetoplasmas in compact traps are historically used for ion beams production

Laboratory magnetoplasmas are suitable and interesting for other researches

Fundamental 
plasma 

investigation

Ion Beams 
Production

R
F Polarim

etry
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BUT…

In stars, matter is in the plasma state, with temperatures ranging from 
thousands to hundreds millions of °K, implying that the atoms are 
strongly ionized;

s and r-processes branching points depend on the “competitive” 
rates of neutron capture vs. β-decays; However…

Reaction rates are typically measured in lab and done on neutral 
matter!!

Possible modifications of β-decaying radio-isotopes lifetimes is 
however expected by models in strongly ionised atoms!!

Reaction rates are typically measured in lab and done on neutral 
matter!!

Possible modifications of β-decaying radio-isotopes lifetimes is 
however expected by models in strongly ionised atoms!!
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PANDORA

8
L. Celona Dottorato in fisica degli acceleratori Univ. La Sapienza, 8/4/2020 84
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The collapse of 187Re lifetimeThe collapse of 187Re lifetime

Dottorato in fisica degli acceleratori, Univ. La Sapienza, 8/4/2020

For 187Re a lifetime variation of 9 orders of 
magnitude (!!) was observed in Storage Rings
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HIEHIE-HIE-ISOLDE

7Be, 26Al lifetime variations at different 
charge states are among hot-topics for 

HIE-ISOLDE storage ring
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PANDORA conceptual design

• A “buffer plasma” is created by He, O 
or Ar up to densities of 1013 cm-3

• The isotope is then directly fluxed (if 
gaseuous) or vaporized by appropriate 
ovens and then fluxed inside the 
chamber to be turned into plasma-state

• Relative abundances of buffer vs. 
isotope densities range from 100:1 (if 
the isotope is in metal state) to 3:1 
(in case of gaseous elements)

The plasma is maintained in dynamical equilibrium by equalizing input fluxes of particles to 
losses from the magnetic confinement  
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PANDORA multi diagnostic setup
 SDD: probing volumetric soft X-radiation in the 2 – 20 keV domain

• Pinhole camera: providing plasma structural in the range 2 - 20 keV

• RF probe + Spectrum analyzer: plasma radio-emission analysis

• VL camera: probing volumetric optical radiation in the 1 – 12 eV domain

HpGe detector

• Mass spectrometry: evaluation of CSD

• HPGe: providing time integrated X-ray spectra in the 30 - 300 keV domain

• Time resolved spectra with 6 ms resolution if triggered by RF probe

PANDORA multi diagnostic setup
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Thanks for your attention  !!!




