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The Superconducting Source for lons (SuSl)

»Fully Superconducting coils

» 18 GHz operating frequency (up to 24 GHz)
=1.3T->18GHz

Current leads
o /
2 oo

=1.4T, B,,=0.5T, B

B, =2.6T, B min rad Bl ol ot e
By, =3.6T, By=2.0T, Byyy=0.75T, Byg=1.6T>24GHz vowoecs SiEniaia
»Al Plasma chamber of @101 mmID A
. e — AR =
= Extraction HV up to 27kV e ==
ey __—un
»Specific Design features
v'6 solenoids coils Tuo pmo
v'Movable injection baffle (tunable)
v'"Movable extraction puller (tunable) =
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SuSl| Project Timeline

Coils winding completed September 2005

Tested and trained |ndiVidua|S CO”S ............................................................. hann November 2005

C0|| assemb'y (Hexap0|e + Solenoids) ............................................................ anuan Early 2006

Coil assemb|y testing (Hehum Dewar) ............................................................... February 2006

Cryostat completed ........................................................................................ September 2006

Yoke i installed ~ rreeeeesssssrerrmmnnnniimiiirennn s s s ennnna s neees December 2006

Source complete and moved to SuSl test lab January 2007

First Plasma with O, Ar and Xe beams March 2007

No more Quench November 2007

lon source and beam line commissioning completed June 2008

Relocated to ECR area, connected to CCF September 2009

First beam from SuSI to CCF November 2009
v
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SuS| On-line Operation

1125n18+

//-

76Gel2+ v'More than 1200 hrs continuous

78Kr14+ _\/

86Kr14, 300

o operation for CCF;

v'No quench during operation;
v'Good stability and reliability has

been demonstrated with on-line

operation.
40Ar7+

= US user facility for Rare Isotope research

= |[sotope production by fast-beam fragmentation
and in-flight separation

= education in nuclear science, astro-nuclear physics
and accelerator physics

v National Science Foundation
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Beam Analysis Line
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= Multiple-stage collimation with phase-
space rotation in between;

= Possible to use solenoid lenses to do the
phase space rotation;

=Design using 3 cells.
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Kri* Beam Collimation

625 m.um

2009/07/09 84Kr14+ 24MA 5404 iy 025 ;. um
SuSl 20 kV PE=8mm

80% in 056 .
Acceptance=625 Tpum nm

98% in 156 .M
100% in 625 7. pum

Imeas =12.48 epA

Itot =111.44 eph
(extrapolation

2009/07/09 84Kr14+ 2.4mA 53% in 025 ;. pm
SuSl 20 kV PE=8mm

79% in 056 . um
97% in 156 ;. am
100% in 625 7. jam

Imeas =14.35 eplh

ltot =128.10 epA
(extrapolation

156 t.um

2009/07/09 84Kr4+2.4mA ggos in 025 7. pum
SuSl 20 kV PE=8mm

94% in 056 .
Acceptance=156 Tpm pm

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

Brms =4.43 m
Erms =12 x.pum
£100% =100 . .umM

Imeags =9.41 epA

Itot = 84.05 eLA
(extrapolation)

M0 90 20 40 0 10 20 80 40

X {mmj

2009/07/09 84Kr1d+ 2.4mA 58% in 025 ;. pm
SuSl 20 KV PE=8mm

87% in 056 7.
Acceptance=156 xpum y pm

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

Imeas =12.42 eLA;
tot =110.88 epA

56 t.um

2009/07/09 84Kr14+ 24MA 949, i 025 ;T pm
SuSl 20 kV PE=8mm

Acceptance=56 Tum

% in 156 7T um|
100% in 625 7. Lum|

Imeas =4.90 el

ltot =43.75 epLA
(extrapolation

2009/07/09 84Kr1d+ 2.4mA 85% in 025 ;. um

SusSl 20 kV PE=8mm 100% in 056 7. pm

Imeas = 6.55 LA
ltot =55.48 el

25 T.um

2009/07/09 84Kr14+ 2.4mA 19094 in 025 1. pum)
SuSl 20 kV PE=8mm

100% in 056 .
Acceptance=25 Tum ° nm

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

Imeag =1.73 epA

Itot =15.43 e LA
(extrapolation)

2009/07/09 84Kr1d+ 2.4mA 100%% in 025 ;. pm:

SuSl 20 kV PE=8mm 100% in 086 1. pm

100% in 156 7. pum
100% in 625 7. jum

Brms =1.98 m

Imeas =2.25 epLA
Erms =4 I um

ot = 20.08 ey
(extrapolation}
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Application of Collimation Sys.

40

Ty T 40 i
22-Dec-2009 12:06:35 40% in 010 . um L o [22-Dec-2009 12:12:46 48%, in 010 . um
a0 95% in 050 . pm 30 98% in 050 7. jum
100% in 100 7. pml {06 100% in 100 . pum
20 100% in 200 . jum 20 100% in 200 7. pm
10.5
10 10
= 0 = 0
-10 -10
20 -20 =g
ErMs =10 M. UM oy = 11.9 mm cgXP =2.7 mrad Erms =S ;MM cgy=-19.9 mm cgYP =9.1 mrad
Py .100% =0.10 By 100% =0.30 Sum beamlets =16.24 e
40 -40
40 30 20 10 00 10 200 30 40 -40

Extrapolation: K500 28300 enA & K1200->6000 enA - >2kW beam power vs. 1.4kW

Intensity at Channel Acceptance |Current Extracted KSOO. Current Current Extracted |K1200 Extraction| Beam List
Source Beam | the source Extraction | Extracted from o
(epA) (m.mm.mrad) from K500 (enA) eff. (%) K1200 (ena) from K1200 (pna) eff. (%) (pnA)
Ran Only Ran Only
| 7kr'*™ 17.0 2 0 0.29 .09 25
Su> r > 830 80-2% | ¢ omKs00 | fromksoo | O0%
ARTEMIS "8Kr'**  28.5 n/a 5600 80.0% 4200 123.5 82.0% 25

NSCL
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Upgrades on SuSl (2010)

| £
=
— ©
)
C
(¢0)
|_
=
S
Q
N
L
Tr\:vo 18GHz kl.ycljstron arr;pcl)lfll(\e/\r/s Good X-ray shield and proof Modified Einzel Lens that hold up to -
that can prow eupto 3.0 kW that enables reliable long-term 30 kV with intense beam on, which
rf power into the 3.5L plasma . . . o
operation under high rf power. helps intense beam transmission

chamber. through the diprle

Enables the SuSlI test at high power density to

extract intense beams, especially good for
the production of heavy beams.

> National Science Foundation
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Mixing beam transmission efficiency

90,00%
85,00%
80,00%
75,00%
70,00%
65,00%
60,00%
55,00%
50,00%

45,00%

40,00%

EL: negative or positive voltage?

Advantage of negative voltage over positive one on EL

_____________________________________________________________________________ “,n “n
—o—NegativeVoltage + VS -

“.,n .
== Positive Voltage +" Pros:

=Effective with low voltage setting

=Effective at low beam intensity

transmission

____________________________________________________________________________ “+” Cons:
--------------------------------------------------------------------------- =Fail to work well with intense
----------------------------------------------------------------------------- beam transmission

*Not suitable for 1,> 4 emA beam

transmission

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Drain current (emA)

** National Science Foundation
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FRIB requirements for ECRISs

lon o Ar Kr Xe Bi U
BEAM z 8 18 36 54 83 92
A 18 40 86 136 209 238
Q 6 8 14 20 29+30 33+34
I, 103 47.3 23.6 18.5 14.2 12.7 puA
ECR .
le 618 378 331 334 419° 424" enA
o 0.9 0.9 0.9 0.9 0.6 0.6 w.mm.mrad
ECR-max.” I 700 420 380 410  240+240 245+245
Q 8.0 18.0 34-36  47-51 69-73 77-81
TARGET I 73.0 33.7 17.5 12.5 8.4 8.1 puA
KE 305 297 265 235 227 207 MeV/u
P 400 400 400 400 400 400 kW

* Emittances per charge state;

# with 10~15 % redundancy

ECRIS on HV platform [1+1] - generate ~400 epA 12 keV/u
ion beams (oxygen to uranium)

Achromatic charge selection system [1+1] — select charge
state(s)

LEBT — transport beam, form beam emittance and time
structure

RFQ - accelerate beam to 300 keV/u

MEBT — match beam to SRF driver linac

ﬁ @, National Science Foundation

NSCL

MOCOBKO1
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Light Gaseous lon Beams

22% in 010 . 1lm
74% in 050 TT.um
95% in 100 T_Um
100% in 200 ®.um

cgX =-5.7 mm cgXP = 8.8 mrad
Sum beamlets =5.62 eplA

Beam current = 641.69 e LA

12:23 25% in 010 7. um
78% in 050 7. )M
98% in 100 7. pm
100% in 200 7. pum;

=2.86m
rms =18 .1Lm

0£100% = 0.70

P1oo%s =210m

cgY¥ =-3.9 mm cgYP =15.6 mrad
Sum beamlets =74.45 eLlA:
Beam current = 618.70 elLA

100% =160 W. M {extrapolation}

e

15% in 010 ®..um
54% in 050 . Jum
80% in 100 ..M
9% in 200 ®.um

cgX =-3.7 mm cgXP =1.6 mrad
Sum beamlets =41.03 ellA!

Beam current = 379.93 e A

17% in 010 ®..um
59% in 050 . Jum
83% in 100 . m
99% in 200 T.um

cgY =-2.9 mm cgYP =14.9 mrad
Sum beamlets =44.97 ellA!
Beam current =394.18 e LA

ﬁ@fi-"g National Science Foundation

Sufficient brightness is easily
achieved for light 1on beams.
Even higher beam intensity
within the collimation channel
acceptance 1s still available:
like ~lemA O%" or more than

0.5emA Ars™.

FRIBg,, 2007
(25kV)

8H 170t

8\/ 160 &t

2757

270

25071
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Moving ECR Zone Position to make more beam (1)

:/1 361.8mm_ref.>0mm

- 51 mm

55 mm
) 60 mm
1.4 -2 : 72 mm

1 2 | - — as’’ 2 - am o - ot - T - o at

0.8 - o minminanee " N . Ay A A v -1
"EE z Resonance .. . : d . L-

k | — Comparable to that
= playing with the plasma
2l 1] 'I.- RE — o B "’ 1T e el
o Pl e e e e o [or| X - electrode position.

L
! ! ! ! ! ! !

-150 -100 50 0O 50 100 150 200 250 300 350 400 450 500 550 GO0 G50 700
position along Source Axis{mm)

- ) ) ) Also the test, See T. Ropponen’s talk:
- National Science Foundation
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To make Intense lon Beams

ECR position & B_ . changed
ext
3 -
Impact of ECR position to Kr4*heam current Kr14+
2.5 5 35 1 e
B0 N ==f§=—=Beam on QO07FC
2 % 200 | ... -=m&—Beam on Q013FC
|_ L
4.5 z 270
@ £ 250
1 2
B 230 b
0.5 E 210
c 190
0 2
170
300 -100 100 300 500 700
Z (mm) 150
50 55 60 65 70 75
ECR position (mm)
Total drain current @1.0 kW ECR location impact on beam extraction
e > 90.00% [~~~ ——+72mm
%‘ 5.5 = \ e +60mm
£ -3 80.00% ,
A = == 4 55mm
-
L1] .
E A5 O 70.00% == +51mm
5 i~ :
o (=] ;
c 4 & 60.00% [~
[} S
A 3.5 O
e o 50.00% - -l e
3 5]
O 40.00%
45 55 65 75 e
ECR position (mm) 0 200 400 600 800 1000 1200 1400 1600 1800
RF power (W
Also the test, See T. Ropponen’s talk:

- National Science Foundation
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To make Intense lon Beams

ECR position & B_ . changed
ext
3 .
Impact of ECR position to Kr4*heam current Kr14+
25 5 35 1 e
30 SN ==f§=—=Beam on QO07FC
_ 2 % 200 | ... =m=—Beam on Q013FC
'— L
4.5 z 270
@ £ 250
1 >
230 fmrr e
0.5 E 210
c 190
0 2
170
300 -100 100 300 500 700
Z (mm) 150
50 55 60 65 70 75

ECR position (mm)

impact of too low B,

Total drain current @1.0 kW ECR location impact on beam extraction

6 ___________________________________________
= 90.00% [~ == +72mm
E 5.5 S == 4+60mm
E 2 80.00%
I = e L5 MM
- —
[+1] ,
E 45 3 70.00% e +51mMm
5 ~ :
O Q
= 4 & 60.00% | ---n--nmmmommmmemeeseseseen oo L R
© -
~ 3.5 8
e % 50.00% - e — e e
3 S
O 40.00%
45 55 65 75 0%
ECR position (mm) 0 200 400 600 800 1000 1200 1400 1600 1800
RF power (W
Also the test, See T. Ropponen’s talk:

National Science Foundation
WHERE DISCOVERIES BEGIN L. T. SUN, ECRIS’10_LPSC/Grenoble, 31 December 2010,
Slide 15




Moving ECR Zone Position to make more beam (2)

3 = =
264 T .
287 361.8mm_ref.=>0mm
2.4 4
224 g
. I / 9.3 mm
18 ; - 188 mm
' e f F I T S 284 mm
" 16 7 X ]
' ] ( 37.4 mm
1.4 . |
1.2 ! —_— — i i = = ezl — 2l - T
1 —
R= R | : - : / —
8GHz Resonance .. .. e . o '
L | o]
[ 1 [T
- . i = S — - 1
% F |, ¢
| &g L A
| I | I | | |

!
150 -100 50 0 50 100 150 200 250 300 350 400 450 500 550 GO0 G50 700
position along Source Axis{(mm)

% National Science Foundation
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To make Intense lon Beams

___Only ECR position changed

Kr14+
ECR zone position influence on extracted beam
— =l Q007 FC
L 450 oo -
H == Q013FC
= 400
=y
c 350
[+ k]
frar]
£ 300
E 250
a
= 200
5
E 150
= ] 3 10 15 20 23 30 33 40
ECR position {mm)
0
-100 0 100 200 Z[mn%ﬂ[] 400 500 600 transmission efficiency through the collimation channel_0.9
72.00%
influence of total drain current by ECR position =
£ 70.00%
W
=
T E 68.00%
£ U
) L 66.00%
]
= 2
= O 64.00%
S -
c e
=
= e 62.00%
] =]
S 60.00%

0 3 10 15 20 23 30 35 40

ECR position (mm) ECR position (mm)

v National Science Foundation
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To make Intense lon Beams

___Only ECR position changed

Kr14+
ECR zone position influence on extracted beam
B 450 e —#=—0007FC_
3 == 0013FC
B 00 g
E 350
£ 30
5 250 L---—o -
D 200
<]
X 150
L. \30 35 40
Change the ECR zone position:
0 oChange the ECR confinement
I 71T AR o Change the ECR cavity jannel_0.9 =
oChange the ion momentum | &«

influence of total drain current by ECR position

Drain Current [emA)
QO013FC /QOD7FC effic

0 3 10 15 20 23 30 35 40

ECR position (mm) ECR position (mm)
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Xenon Beams

Obvious power
scaling

N
=)
I

N
3]
I

-
~
1

-
w
I

-
N
|

-
<A
|

Transmission
efficiency limited

Beam increment ratio (Y2010/Y2008)

-
o
1

o
©

11° 20
29
] 30
b :
\

o> o*

26 5+ 54

— . - fe) 31 29 - Oso
25 Optimized for Xe™" production
o P,=3.1kW, HV:25kV 3534 35
|an: 6.56MA - N**

27 10 4 N c 23

38

lon beam current (epA)
©

T T T T T T T T T 1
95 100 105 110 115 120 125 130 135 140

Dipole Current (A)

LA L L TR N W P S L CESL IS (I SOBLIN M ] | L e |
81 84 87 90 g3 9 99 102 105 108 111 114 117 120
\Dipole Current (A)

18 20 22 CZ:]farge SZtE; i 28 30 32
Power density scales the extracted
beam intensity, especially for the
higher charge state ion beams:
~0.5 kW/L (2008)>"~0.85kW/L

(2010)—>1.7 times power density

W HERE

DISCOVERTIES

lon Beam Intensity (euA)
5

-

0.1

BE EGIN

00 -

\

esss—————eel ) -
ey, W \

R RO s seton.. ... WS ™~ R .7, - W

—e— SuSI_2010

18 20 22 24 26 28 30 32 34 36 38 40 42 44
Charge State
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Power or Power Density?

1 £f— Na ] —#—SuSI|_18GHz
1l T A AN\ —8— SECRAL_18GHz
GTS_18GHz
100 4 — O— SECRAL_AI+DF

-
o

Xenon ion beam intensity (euA)

01 L} I 1 I 1 l L) l Li I L) I 1 l L) I Li I L) I I I L) I ¥ I I I
18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Charge State

» National Science Foundation
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Power or Power Density?

.‘_-_-__-—_""‘—'---.
| K N —¥—SuSI_18GHz
_________________________________ —8— SECRAL_18GHz
GTS_18GHz
100 — O- SECRAL_AI+DF
»RT source with fixed radial field N NN
=378mm ID chamber A A U,

[AI chamber+2—frequency]

sSmaller ECR zone and mirror
length

= 10— SV g0 heating with 0.3 kW/L
Same power level (3.0kW) but | | s
different power density: | A9\ oA

SECRAL->0.6 kW/L | N NN
SUS|90.85 kW/L ZZZ::Z::ZZ:ZZZZZZZZ:ZZZ:Z::ZZZZZZZZZZZZ:Z-':‘;ZZ:ZZZZZ
e e Gt —
______________________________________________________________________________________ K
_______________________________________________________________________________________ —
@]

L) L] L) L] 1 L] L) I 1 1 L]
18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
Charge State

A& National Science Foundation
‘.‘ﬁ F.f".“ 1 L. T. SUN, ECRIS’10_LPSC/Grenoble, 31 December 2010,
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Bismuth Beams

Optimized for Bi?** production@2.3 kW RF power Optimized for 51euA Bi3%* production after
200,00 collimation channel @2.6 kW
180,00 02t
3+
160,00 75,00 o 0> 3 33’231 """""""""
34
140,00 [-{-- 35 30
=z 60,00 F----------- R UR-R--- +------
2 12000 |-{-- T 29
- =}
g 36 28
5 100,00 f(-|-- G
- £ 45,00 - k27 +------
8 £
2 80,00 |-}--- £
< ©
2 3 25
60,00 -f--- S 3000 -ﬁ
40,00 |--- f
20,00 |{----{---- 15,00 ““v + “ -H-1
0,00 “ u u
114 119 124 129 134 139 144 0,00

Dipole current (A) 105,5 115,5 12D5i’p50Ie currer%g?AS) 145,5

& National Science Foundation
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100

10

lon Beam Intensity (euA)

Bismuth Beams

—m— SuSI_2008
—e— SuSl_2010

—7f1 + I 11 71T 7T 17T " 1T 1 1
24 26 28 30 32 34 36 38 40 42 44 46 48
Q

» National Science Foundation
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Refractory Metal Beams 2009

30000

—y L . =t e =

o 180EUA of Nit™* 200euA of Nitz+ (¥ 0
G W - 00
7 5w 0 0 % 3\ j12¢
K 5 20000
£ man qﬂNlﬁT }ﬂ 3 o* 38)\ 10+ r
¥ 15000 o 3 -
Stable inductive heating 2 i g 58N|1|‘ L SB) ¢
oven for refractory metal < o | ’{‘ : tioa0 n
vapor production: Ni, Ge... N ,J 3
i B ] | J "\ g & m | li ﬂ
el M M
o jk".“[wl 04d VARV LW \J‘Jl 0 A \ \‘ LA -
100 s

40 6 10 115 140 165 pL it f5 ] 115 It 185 190 15 Pl
(O3SD Selecting Maghet Current [ 1)

(00950 Selecting Maznet Current {A|

v

i
Sy

24h Consumption: 410 mg
60euA 24 hrs
140euA 24 hrs
Average: 6.83mg/hr
i
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Uranium beam production with oven

Oven temperature evolution vs. oven power

2100 70 S
o 1900 I N* o
(]
o]
5 1500
Q.
E, 1300 ~
® 1100 [----f---- Appearance of |-1 Tens of epA ;%50' 3332
g 900 Lo-foe Uranium peaks | U33* beam B =1
= g0 S 2 40- 31
>
500 o . c* 35 |
0 200 400 600 800 1000 1200 1400 1600 £
Oven Power (W) 8 30
Vapor pressure of UO, m 36 28
1,00E+00 === === === === === mm e 5 20 -
_ L00E-01 |[------meeooeommoo ] — . 37 27
= 02 beooo I 26
g 1,00E-02 38
o R e i s
g b ] w \ d h
1,00E-05 |- oM - = o oo e e e e e U
1,00E'06 0 L l T l 1 I Ll I 1 I Ll l Ll l T l 1 l T I 1 I
1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 120 125 130 135 140 145 150 155 160 165 170
Temperature (°C) Dipole Current (A)

A&8%: National Science Foundartion
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Intense Uranium Beam with Sputtering Method

Comparison of the effects with different support gas

90
80
70 -
60 --
50 f--
40 |--
30 (-
20 -
10 |--
0

U33*lon beam intensity (euA)

/ New setup features: \

v'Injection axis centered K>85e“A U has been detected;

=Heavier support gas has better
v'Axially movable 50mm sputtering efficiency;

=While oxygen is better for HCI
production;

v'Bigger sample &J10mm "Typical 55%~60% transmission
efficiency may account for huge beam

v
\Tested on SuSl / \loss' / |
- National Science Foundation
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Conclusion and Future Plans

oSuSl ion source has demonstrated its reliability ;
oSuSl performances benefit from its many flexible
features;

oSuSl performances are still challenging the limits of
18GHz results ;

oPower density is a big issue for large ID sources while
power coupling efficiency should also be considered;

/ Conclusion \

QOZ has been tested to produce U beams with SuSl. j

[ Future plans

oFollow power scaling: a third 18GHz klystron amplifier to be
connected to boost the power density up to 1.3kW/L;
oFollow frequency scaling: a 24GHz/10kW gyrotron amplifier
project is under going;

olmprove beam transmission especially for |,>5emA;

QReliable beams with required brightness for FRIB.

Max. beam intensities from SuSI*

Q | (epA) Q | I(epA)
14 500 12 | 200
20 350 17 | 180
26 380 27 | 180
27 276 28 | 190
30 91 29 | 150
34 22 31 | 76
35 14.5 33 |53
38 3.2 36 |9
39 1.8 41 |6
42 0.95 46 |25
44 0.35 31 |95
32 |95
33 | 88

/

» National Science Foundation

I.f’

*Optimized for beam intensities
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