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Outline

* Cyclotron and ECRIS

* HCI ECRISs operation status in several typical
labs

- GANIL

- LNS/INFN

. LBNL: 88-Inch

. MSU: CCF in NSCL
- RIKEN: RIBF

- IMP: HIRFL

* The features and importance of ECRISs

e Summary
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From Cyclotron to ECRIS

Liquid helium control dewar

Superconducting

Ernest O. Lawrence
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From Cyclotron to ECRIS
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From ECRIS to Cyclotron

Multicharged Ton production in a minimum-|B|

Hexapole

RF
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From ECRIS to Cyclotron (1980s)
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Family Tree of ECRISs

All permanent magnet ECRIS Classical RM ECRIS Hybrid SC-ECRIS Fully SC-ECRIS
Nanogan series ion sources GTS source RAMSE, SHIVA SERSE 18 GHz
BIE series ion sources AECR-U A-PHOENIX VENUS 28GHz
LAPECR1, LAPECR2 LECR2, LECR3 PKDELIS SECRAL 18~28 GHz
Keil, Kei2 RIKEN 18 GHz Dubna 18 GHz SUSI 18~24 GHz
SOPHIE ECR4, Caprice RIKEN SCECRIS 28 GHz
Operated 2.45 ~ 14 GHz Operated 10 ~ 18 GHz Operated 14 ~ 28 GHz Operated 18 ~ 28 GHz
1980 19|85 19|95 2002
SUPERMAFIOS CAPRICE (e VENUS® (Len)
MINIMAFIOS ECRA (sl (SmEAE/Rc/:sL)
ECREVIS* A-ECR sy SUSI* (Msu)
LBLECR RIKEN 18 GHz RIKEN SCECRIS*
MSU ECR PHOENIX (Lpsc)
ORNL ECR SERSE" (Lns/cea
OCTOPUS GTS (cea)
ISIS
Cost: 1-4 M€ G3

*Superconducting ECRIS
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ECRIS Direction?

1 nq qu niq ion density for species i charge q E (Plasma
® 79 __ i ex qg ., _ i
[i _5 g Tl.q Confinement time for species i charge q iq i 4i=Ne  neutrality)
Ti
w, q
) ) ) rf 2
® From RF dispersion equation at resonance : (n1)~ ( )m, ¢ ("o f ECR

Plasma Stability condition : IB nk—T <1 As n, / B/
(*)

244,

fECR BECR Binj Br't:d
* By, ~3-4 B, onaxis
" Boq "2.2 B, onaxis (T) 146Hz |05T |2T |IT
* B4~ 2B,, on plasmachamber wall
* Last closed Bmod inside chamber is ~2 B, [

286Hz (1T (|47 9
Semi-empirical rules —
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Performance of the 3™ Generation ECRISs
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Performance Improvement

Beam intensity evolution over years
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Status of HCI ECRISs for Cyclotron
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Status of HCI ECRISs for Cyclotron
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ECRISs in GANIL

* One of first cyclotron labs
used ECRIS for routines

e ECR4 & ECR4M operation
for stable ion beams

* ECRISs used for
radioactive ion beams
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ECR4 & ECR4AM

e £14.5 GHz/1.5 kW (Bpcg = 0.64 T) . — N <
» Coaxial RF coupling to adapt RF ‘\ | 7 I
impedance to the ECR cavity, inherited NP == G N
from CAPRICE source design. lf*'clﬁu'B.l.___j_ - ' | ’ i
* Bigiron yoke e %‘[‘_ g ﬁ
*  Double-wall structure plasma chamber F-’*“‘““‘E | —— } z &

* High B mode: i j:\
— Axial Mirror: 1.04 T/0.35T/0.8 T - - i - ’r[

— Hexapole: 1 T FeNdB Halbach Plasma | | -
type chamber pRIE
» Typical Ion Beam: ~650 pA Ard* 5 < T > 4
e Chamber volume (@64 mm X L200 mm)
V~0.5 liter Courtesy of T. Thuillier
= 1.04T 700 - 1
08 T {TFR R (:m =
M\ ;i -.MND‘ 7 ‘ —_ [ |
= 40 50 A i ]
______ Beer~05T = 300/ 2 2 *Ar | j“
N/ 200 Ar® r»«——-‘ » A= .——-——-~
J 08T :
= o TEeETT ¥ | — g : : : ; :
: FeNdB hexapole GO R Axial Magnetic field lines (ECR4M)
dipole J
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ECRIS for Radioactive Beams

3,3kW primary beam
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GANIL

Fishbone
G4 "'-'3?:.-;::____(:." @ . G
| A |
G3 PP S N ® Stable ion beams: C—-U
SPEG &
?.535 | ® Beams of more than 50
L .
isotopes
G2
ORION . M - Nloo
1 MeV/A aximum energy
G1 K =30
VAMOS Cco2 MEV/U
ECR4N e _
ebahr ® Typical final beam power:
R IRRSUD
100 W—1000 W
CIME
CSS2 CSS1 co1
postShIRAL) . 4-13MeV/A  4-13 MeV/A ECR4
1.2 — 25 MeV/A K'=380 K'=380 100 kV
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ECRISs in LNS/INFN

® 15t high performance superconducting ECRIS utilized for

cyclotron routine operation
® Utilization of ECRIS makes the stand-alone operation of

cyclotron CS possible
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Operation Scheme 1n LNS

Tandem Van De Graaff, 13 MV
Built in early 80s

Coupling mode:

® Low efficiency

j MAGNEX
® No stable

S
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SERSE Ion Source

sl Frequency 18 + 14.5 GHz

Type of launching WRG62, off-axis
Mirror length 490 mm
By, 27T
| B 0.3-06T
EL B, 16T
E{- Lecr <100 mm
: Lhexapole 700 mm
B4 1.55 T max.
@ plasma electrode 8 mm
@ puller 12 mm
Available in 1997 Extraction voltage 30 kV Max.
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SERSE Achievements

* Demonstration of the state
of art SC-techniques for
ECRISs

e Refinement of scaling laws
for ECRIS development

e Guidance of gyrotron
generator microwave
coupling method to ECRIS
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SERSE Performance

SERSE typical currents at 18GHz 100
I Xe2T+
06+ 540 Kr22+ 66 Au30+ 20 80 +
i @EI-@ -8 28 GHz
07+ 208 Kr25+ 35 Au31l+ 17 R - o I8 GHz
z 60~ o —&— 14 GHz
08+ 62 Kr27+ 7.8 | Au32+ 14 E
=
7]
Ar12+ 200 Kr29+ 1.4 Au33+ 12 |
Arl4+ 84 Kr31+ 0.2 Au34+ 8
Arl6+ 21 Xe27+ 78 Au35+ 55 |
3
Arl7+ 2.6 Xe30+ 385  Au36+ 2.5
Arl8+ 0.4 Xe31+ 23.5 Au38+ 1.1 Scallng IaWS tested Wlth SERSE
Kr17+ 160 Xe33+ 9.1 Au39+ 0.7
Kr18+ 137 Xe34+ 5.2 Aud0+ 0.5
Kr19+ 107 Xe36+ 2 Audl+ 0.35

28 GHz operations:
Kr20+ 74 Xe38 09  Aud2+ 003 1 pA Xe??*, 8 pA Xe38+, 100 pA Xe30*

Courtesy of C. Luigi
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88-Inch Lab/LBNL

B ° The first 3" Gen. ECRIS
A+ The only cyclotron lab having 3

generations of ECRISs.inOperation
e High performance ECRIS makes the 50
years old cyclotron still powerful and

attractive

” m I | II

o - v
¥ \ p—

¥ %7'4'
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VENUS in LBNL

*Fully superconducting, Niobium-Titanium
sextupole & 3 solenoids enclosed in LHe

*LN Reservoir : 70K, dissipates heat from normal
conducting leads

*LHe Reservoir: 4.2K

*Four two stage cryocoolers which provide 6W
total cooling power at 4.2K, recondense
evaporated He, 15t stage (45K) cools part of the
Cu leads

*Recently ran 22 months straight

Maximum Injection Field, on axis 4.0T
Maximum Extraction Field, on axis 3.0T
Maximum Radial Field, at wall 2.2T
Chamber Diameter 14cm
Chamber Length 50cm
18 GHz Maximum Power 2kW
28 GHz Maximum Power 10kwW
28 GHz Maximum Power Injected 6.5kW
18+28 GHz Maximum Power Injected  8.5kW

4 Cryocoolers

LYoy

e

He fill tube
LN Reservoir

LHe Reservoir
RF, Oven,
Sputter Probe
Feedthroughs

Extraction

1) LRSS :

Solenoids

Sextupole

Available in 2002

Courtesy of J. Benitez
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U Beam with VENUS

* Operates 650°C-2300°C to vaporize metals

* Improved cooling

Uranium Development: High Intensity

o Uranium beams will be one of the most important and 450
challenging beams for projects like FRIB, RIBF, HIAF... 200 -t

o U sublimes @ 2000°C, 1000W! 350 |-

O FRIB needs 440epA of 238U33+34* combined %250
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Operation Mode 1n 88-Inch

Gen. 1 Source The first Electron Cyclotron Resonance (ECR)
fﬁ\ 1984, 6.4 GHz < ionsource in the United States replaced the
3 LEL ECR internal ion source. This allowed the 88-Inch
E to run much heavier ions.
‘*’E“US 2003, 2004*28GHz

Gen. 3 Source

%[ 1990>1996 upgrade, 14 + 10 GHz
|
. ‘@@ %’1_ «ecpy | Gen. 2 Source

i —

Extemdl
Beamline A

"AECR-U: 238U%0*>8.13 MeV/u
#VENUS: 12°Xe*?*—>14 MeV/u

RFTonk Maogng Yoke

88 - Inch Cydotfron *Z7.Q Xie, Proceedings of ECRIS'97
#D. Leitner et al., Rev. Sci. Instrum. 79 (2008) 02C710

L Sun, Cyclotrons’13, Vancouver, 17-Sep-13, Slide 25




Operation Status: “°Ca'!l”

o VENUS Low Temperature Oven completed July, 2011 VENUS Injection

o Successfully delivered #8Ca to 88-Inch experimenters for 60
days straight from April-June 2013

o Summary of the operation:
v average current of 78epA of 48Call*

v consumption rate of 0.25mg/hr

v Good news for high intensity “3Ca runs where 1mg of

48Ca~$250 (63mg~$15,750) Low Temperature

: Oven
v Good efficiency = No liner required = No interruption to 28 GHz waveguide

cocktail runs

See D. Todd’s talk MO2PB02 for details

 ‘ I_MP L Sun, Cyclotrons’13, Vancouver, 17-Sep-13, Slide 26




Range in Si (um)

Operation Status: Cocktail Beams

Development of new cocktail ions using VENUS to increase LET and range underway

extends LET from 25 to 50MeV/(mg/cm?)—> now regularly used

extends LET from 60to 91MeV/(mg/cm?)—=> under development

600

N W 16MeV/u
i | Py
>0 : W 10MeV/u
A 4.5MeV/u
400
Ne
] \
300 S
Cl
u Ar. \V \
200 " - - Cu v
- [} u : Xe N
Ne [ ] - O
. - -
100 Si A8 m
A A Cu Kry nu
B N A A A 4 A AkERa
0 . Ne Si_ Ar v Cu y Y AgXeqTaBi

1 10 100
LET 0° (MeV/(mg/cm?))

VENUS produces 124Xe*3* for 16MeV users!
For Z=54, to reach a Xe**3 charge state
requires ~5x103eV electrons!

Courtesy of J. Benitez
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NSCL/MSU

® 15t fully superconducting ECRIS built for operation
® SuSl sets high intensity beam records at 18 GHz
® Collimation beamline: the first ECRIS source beamline installed

with collimation system for cyclotron operation
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Early ECRISs in NSCL

RT-ECR (1985-) SC-ECR (1993)

First ECRIS using iron =The first dynamically tunable SC ECRIS
return yoke using the High-B mode at 6.4 GHz
mimportant for Geller’s Scaling Laws
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SuSI Source

SuSI — Superconducting Source for lons
Currem leads
Vertical links
Solenoid coils
Plasma chamber
Hexapole coils
Moveable injection
flange (+30KV)

Moveable puller
Bias disk electrode

B 4 ! —d
5 g B f f . !
positioner ( ! i —— =
5 \ A R

g

Extraction box
(-30KV)

H.V. insulator

2000 Vs
Turbo pump

e maximum magnetic fields:
Original Design:

-2.6T, 1.5 T axial field

- 1.5 T radial field
Tested (February 2006):

-3.6T, 2.2 T axial field

- 2 T radial field
e plasma chamber diameter:

101.6 mm (aluminum)

3.5 L plasma volume
e superconducting wire:

- 2x1 mm NbTi

- Cu/SC ratio 1.7
e operating frequency:
Phase |: 18 + 14.5 GHz
Phase II: 24-28 GHz
etunable plasma chamber length
and bias disc position
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Performance at 18 GHz

Susl Susl SECRAL SECRAL VENUS

(18 GHz/2kW) (18 GHz/ 4kW) (18GHz 3kW) (24GHz) (28 GHz)

40p i+ 550 ! 800 | 810

40p 12+ 300 ! 735 | 860
4O0Aris 145 308 1270 440 514
40pr16+ 25 : 80 L 73 149 270
12926+ 350 500 410

129327+ 276 | 385 306 455 411
129y 30+ 80 : 110 | 101 236 211
20930+ 190 320 | 205 422 310
209p;31+ 175 280 191 395 300
23833+ : 196 : 430
23834+ | 180 : 400
23835+ '\\ 140 (/' 300
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Operation for CCF

ICIS 2009:=Commissioning of SuSl ICIS 2011:2500 Hrs operation for CCF
Conection of of SuSl to CCF 23300

58Ni11+ ‘
\

1603+

40Ar7+
’ 2\/”‘ / \_86Kr14
ECR lon K500 Sweeper Mol 112618+
Sources Cyclotron Magnet
\ # 7GGe12+

=  Typically 30 experiments per year, each
requires several different beam tunes

K1200 A1900 Fragment =  About 4000 hrs of Operation ea. year
Cyclotron Separator Spectrograph Breeder

. Courtesy of G. Machicoane
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Collimation Channel

(aperture width)®

Channel acceptance =

Apl 4Bchannel
sol.1 Apertures | Acceptance
Ap.2 (mm) (pi.mm.mrad)
7.5 14
Sol.2
10 25
Ap.3 15 56
Sol.3 25 156
Ap.4 50 625
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Collimation Effect

625 t.um
(50mm)

2009/06/24 40Ar7+ 2mA
SusSl 24.43kV PE=8mm

Acceptance=625 Ijum

. (15mm) (10 mm)

2009/06/24 40AIT+ 2mA i 40
SusSl 24.43kV PE=8mm

51% in 025 7. um J2009/06/24 40Ar7+ 2mA

2009/06/24 40AIT+ 2mA
SusSl 24.43kV PE=8mm

78% in 056 x.um SuSl 24.43kV PE=8mm

30
99% in 156 ;. um

30

Acceptance=25 mpm

20 100% in 625 7. pmigal

10

10

B rms = -0.80

Imeas =7.56 epLA; Imeas = 3.43 e LAJN Prms =177 m
ltot =67.53 epA ltot =

0 : {extrapolation} 40 8 (extrapolatlon :
-40 —30 20 40 0 10 20 90 40 40 20 20 40 0 10 20 30 40 40 30 -20 40 0 10 20 30

Imeas =12.62 el

Imeas =1.40 epA
ltot =112.70 epA

ltot =12.50 epA
{extrapolation)
40 40 730 =20 40 0 10 20 30 40
40
2009/06/24 40Ar7+ 2mA

2009/06/24 40ArT+ 2mA
SusSl 24.43kV PE=8mm

SuSl 24.43kV PE=8mm
Acceptance=156 apm

34% in 025 m_pm
% in 056 7. Lm a0

96% in 156 7. um
__100%in 625 x. umES

W 2009/06/24 40Ar7+ 2mA

SuSl 24.43kV PE=8mm
Acceplance=25 Tpum

49% in 025 7. jum 2009/06/24 40Ar7+ 2mA
SuS| 24.43kY PE=8mm
86% in 056 7. jum

100% in 156 7. pum:
100% ih 625 7. pum:

80% in 025 7. ]um

98% In 025 7. UM
100% in 056 7. LLmEly]

100% in 156 @ um:

100% in 625 7. umigal 100% in 625 7. pum

10

yp {(mrad)

10

=-0. B8 rrms =-0.55

Prms =1.96 m H _ Brms =1.43m
Imeas =10.39 epA Imeags =4.59 e LASE

Itot =92.79 epAA Itot =

40 % = . {extrapolation 5 {extrapolation
40 40

Imeas =15.87 el

Itot =141.69 epA Erms =18 7. pum

Imeas =1.81 epA

Itot =16.14 epA
40 5 {extrapolation
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RIBF/RIKEN

RIBF RI beam generator RIBF Rl beam experiments
featuring superconducting ring cyclotron (SRC) will be started in 2007,
and projectile fragment separator (BigRIPS) with colored experimental installations

will be commissioned late in 20086,

® \Very flexible operation mode
® Powerful 3" Gen. source RIKEN SC-ECRIS
® Very powerful ECRIS: the only solution to the RIBF project goal
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Flexible Operation Modes

ST2
FCRFQ  RILAC Booster l
OO —
|8GHz ECRIS 5 BigRIPS

GARIS

RILAC2(2011~)
28GHz SC-ECRIS

14.5GHz ECRIS L[]

18GHz SC-ECRIS [ AVE inject; de (d. N. O
bolidmdiS m injection mode (d, N, O..)

(deuterons) AVF Variable energy mode (Ca, Kr, Zn..)
Fixed-energy Mode (Xe, U)
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Flexible Operation Modes

¥ |
s s - T Bebommsue
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RILACII

New Injector RRC fRC IRC SRC 10
(RILAC2) ; BigRIPS
. L[] SC'
New Iinjector system ECRIS
18GHz

NO.6MCV/11 238U35+, 124Xel9+ EC&I.(IS{:}-

AN

RFQ

=" Booster

' — Fix. freq. mode
..... » Var. freq. mode

Rebunclier

345MeV/u 238U, 124Xe

4 -
D1 7
T e-Rl scattering with SCRIT
28GHZECRIS | R
ILACH < s g ’ : =<
Pre-b D Margrials RI poduction ""‘ ‘{’ > -
re-bunc Biology A i ] Ty
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Courtesy of T. Nakagawa
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SC-ECRIS

Glaser Lens

Frequency: 28 GHz/10 kW

® Six axial solenoid coils:

Maximum flexibility of axial field
configuration
Bij=3.8T,Bin<1.0T,Bg,,=23T

AT - 5.;_;.__;;_:;-1"""”"7

— ;' v e - -
“ W lnjectl

® Sextupole Coils: B,,4=2.1T
® Mirror length: 500 mm
® Al Plasma Chamber: $150 mm ID
® Plasma volume: >10L
5 B ® Max. Extraction HV: 40 kV
Axial Field “ . .
4 "By | ® Cryogenics solution:

5 \4\ Radial Field Axial Distr. + 3-stage design: 300 K-70 K-20K-4.2 K
=, S\ = « 2 GM-IT+4.2 KGM + 2 GM-45 K/10 K
1 /’ \ / \ « A dynamic cooling power of 8W
0 s N Available in 2009

-100 -50 0 50 100

Z (em) Goal: 15 puA U3°*
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Uranium Beam Production

Plasma chamber

ECR zone

Plasma electrode

Biased disc

U rod

SC-solenoid coils

U-rod

Extraction electrode Y. Higurashi, TU1PB04

Bian3'2T’ Bmin~0'6T9 BeXtNl'gT

B~1.9T

[ T T

2 a00l

3 400_ o -

2 300+ Y a0 R

g o

] A

E 200+ \\ U ionj |

£ |

3 100~ \ -
0 50 100

Analyzin/g/magnet current(A)

o
N\

U3 5+

y(epA) |

,_.
o
T

Beam intensit

1
70 80 20 100
Analyzing magnet current(A)

Support rod(water cooled)
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Intense U Beam

1507 w | U3 ~230epA J U3 ~180epA
—_— U35+ Al
< L N L A B B B B
> I ® _ RF;,; =3.0~4.0kW
1001 . <
= 2 =
§ i - -‘?1005_ 7
£ @) o T
50 . & 501 ]
g L = Tt
8 : /§>/U é
aa) i ] §
PRI P T B! P T N S TR S 42+~
L 1000 1500 2000 2500 10L— , ,. : 8“ .
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RF power (W) Charge state
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g oo % ) % 01 8
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U3>* for Routines

U3* beam production with sputtering method

RF power ~ 1.3kW
average beam intensity ~86 euA
Evolution of Max. beam intensity at RIBF

100
— ‘7
-
g. 10 - = //.'
:; L] - /
= - /
150———1— E 1 /._/
i c
:E\ : U35+ E //./ . |
% 100- 201 g
= . 7
5 w 0o 0. Kamigaito et al., MOPFI025, IPAC’13 °
R= B 2006 2007 2008 2009 2010 2011 2012 2013 2014
g 50— Year |
Q i = .
m I a4 ® Al chamber
_ = ® SS chamber
0 . ' : ' L : L ' . ' L 5 . | . 1 ‘ ! . | s
0
0 10 20 30 40 50 60 Z 0 1 2 3 4 5

Time (days) Injected RF power (kW)
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HIRFL/IMP

® More than 13,000 hours operation of a 34 Gen. SECRAL for HIRFL
® High performance ECRIS: the only solution to make the facility
efficient and more attractive to researchers
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Operation Scheme

\ * ECRIS + SFC

galk o0 7|+ ECRIS + SFC + 5SC

fo. & * ECRIS + SFC +CSRm (CSRe)
* ECRIS +SFC+ SSC +CSRm
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SECRAL Concept

Iron York and Shielding Sextupole Coil

Iron pole

Aluminum Clamping Ring

Iron Segments for Sextupole Middle Solenoid

Field Booster and coil Clamping Extract. Solenoid Inject. Solenoid
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SECRAL Source

Main Features
Frequency: 18- 28 GHz
3 axial solenoids providing mirror fields:
3.7T,0.8T,2.2T
Mirror length: 420 mm
Sextupole field at chamber inner wall: 2.0 T
Warm bore size: @140 mm
Plasma chamber: Max. @126 mm ID
Plasma volume: 5.2 L
Max. extraction HV: 25 kV
Ta shielding: 1.5 mm
Insulator: PEEK
Microwave:
18 GHz: 3.0 kW Max. available
24 GHz: 7.0 kW Max. available
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Intense HCI beams with SECRAL

500- O ottty Intense HCI beams with SECRAL (euA)
Pw= 3.7kW
= 400 HV= 23KV, Slit= 20mm Xe 18GHz 24GHz 24GHz
3 “Bi’""= 395euA 2007 2009 2011
; ] B: 1.61T. 3.48T, 0.56T. 1.7T
% 300+ T| Stainless steel plasma chamber 27+ 306 455
5 | 2013-3-5
é 900 o5 30+ 101 152 236
g . 31+ 68 85 190
S 100-
° 221
_ 20,9 35+ 16 45 64
181716
0 T T T T T T T T T /u\ T 1
5 10 15 20 25 30 35 38+ 6.6 17 22.6
Arbitrary unit 42+ 15 3
3507 129yp (f: 24GHz+ 18GHz '
300- . 28y O'Pu=436KW 1.35kW Bi SECRAL SECRAL
g O 29 o6 :V3=0+252\;E.;SM= 20mm, | = 4.8emA 18 GHz 24+18GHz
QL 2504 e’ = euA
2 § 128A, 176.5A, 10A, 132A 30+ - 422
g 200- 31 ,d| 2011-6-26 ” 31+ 150 396
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Arbitrary unit
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SECRAL on-line operation (2007)
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SECRAL Operation Status

Total operation time: ~13,230 hours

40Cal2+
4%
238U32+
3%

W 129Xe27+

W 78-84Kr17+-20+
W 209Bi31+-36+

M 58,64Nil15+-19+
W 40Ar12+

W 238U32+

W 40Cal2+

W 1125n26+

40Ar12+
5%
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Nuclear Physics Results

PRL 106, 112501 (2011)

Direct Mass Measuremen
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NUCLEAR ASTROPHYSICS

Star bursts pinned down

One of the main uncertainties in the burn-up of X-ray bursts from neutron stars has been removed with the
weighing of a key nucleus, %°As, at a new ion storage ring.

Philip Walker

nderstanding how the chemical
l ' elements formed in stars, and

how their formation is related to
observable astrophysical phenomena,
requires close cooperation between those
astrophysicists who study the ways that
stars burn and the nuclear physicists who
study interactions between atomic nuclei.
A fertile area of common interest is the
nature of X-ray bursts — flashes of intense
radiation that can last from tens to hundreds
of seconds. These come from binary star
systems, where material falls from the less
dense companion star onto the surface of a
collapsed neutron star.

Energy is generated by a rapid succession
of proton captures by nuclei, but eventually
any given nucleus can hold no more protons,
and it must wait to beta-decay — a relatively
slow process, because it depends on the
weak nuclear interaction. Consequently,
these ‘waiting point’ nuclei assume a key

role in determining the time evolution

of the radiation burst. Yet, in some cases,

it is simply not known whether or not a
nucleus can keep hold of another proton.

By measuring the mass of the arsenic
nucleus ®As — a so-called proton-unbound
nucleus, in which a captured proton remains

unbound or only loosely bound to the
nucleus — Xiaolin Tu and colleagues' have
now shown that the germanium isotope “Ge
is most likely not, after all, a waiting point in
the evolution of X-ray bursts.

There is a long history of laboratory
experiments being used to help understand

Figure 1| A new facility for nuclear physics: the cooler storage ring, now in operation at the Institute of

Modern Physics, Lanzhou, in western China.

&TURE PHYSICS | VOL 7 | APRIL 2011 | www.nature.com/naturephysics
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1128n26+ Beam
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® 112§n26+:40~70 epA, 61 days straight

® Average material consumption rate of 1.4 mg/h
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Summary

« Heavy ion cyclotrons need high performance ECRISs
all 5 SC-ECRISs are in service to cyclotrons

High performance ECRISs are essential to heavy ion
cyclotron:
performance enhancement
. flexible operation modes
Produce attractive beams

Combination of ECRIS + Cyclotron:

Still the most powerful CW heavy ion machine
345 MeV/u CW uranium beam

To improve operation efficiency:
Collimation system
Improve metallic beam production technique
B - May 4t Gen. ECRIS not necessary?
/ I_MP L Sun, Cyclotrons’13, Vancouver, 17-Sep-13, Slide 52
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