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B What type of ECRIS would be built for a heavy ion accelerator
in terms of beam intensity, energy and performance-cost-efficiency?

B Beam quality from ECRIS and efficient acceleration of high intensity
heavy ion beams.



Ind What type of ECRIS should be built for a heavy ion accelerator

B A few tens of ECRISs have been in operation at the cyclotrons and linacs over the world.

B Three types of ECRISs in terms of RF frequency

RT LECRS
14-18 GHz SC SECRAL-II
24-28 GHz

SC FECR
45-60 GHz

What type of ECRIS should be built to improve performance of a heavy ion accelerator
(cyclotron or linac) in terms of beam intensity, energy and cost ?




o 18 GHz RT ECRIS can meet requirements of typical cyclotron and linac

Maximum beam intensities produced by LECRS5 at 18 GHz
LECRS [epA]

Ion species Charge state 18+ 18 GHz
2-3 kKW
YOAr 12+ 415
14+ 170
16+ 62
BKr 18+ 220
23+ 73
26+ 32
1Xe 26+ 200
28+ 100
B 50-150 epAis an appropriate beam 30+ 28
intensity for a cyclotron and RT linac. 10Cq 11+ 230
: e : 14+ 115
B Cyclotron beam intensity limit comes from the axial 16+ 65
injection system and space charge effect S0 114 50-100*
B Higher beam intensity is quite difficult for a CW RT 38y ;g: 3;’(’)22*
linac due to thermal loss at high RF power. 334 50

* estimated



Maximum beam intensities produced by SECRAL&SECRAL-II

SECRAL&
SECRAL-II
Ion species Charge state 24~28 +18 GHz
6-10 kKW
[epA]
YOAr 12+ 1420
16+ 620
18+ 15
BKr 18+ 1030
- 28+ 145
SECRAL-II, 24-28GHZ 12X e 26+ 1100
30+ 365
B Higher charge state beams by 28 GHz 42+ 16
ECRIS may upgrade accelerator to higher 2098 31+ 680
energy, particularly for existing operational 41+ 100
cyclotron. 238y 34+ 620
35+ 545
46+ 61
55+ 13



e, 24-28 GHz SC-ECRISs at HIRFL

SECRAL-I delivered 238U%* beam to
increase energy and intensity from
SSC-linac and SSC.



p SECRALA&Il operation improved energy of HIRFL-SFC cyclotron

HIRFL-SFC cyclotron (k=69) used as an injector to SSC or CSR
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Y

SECRALZ&II operation improved intensity of HIRFL-SFC cyclotron

Beam operation intensities from SFC Cyclotron
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m How to improve performance-cost efficiently for a new HIl accelerator (1)

Build a new superconducting heavy ion cyclotron, 15 MeV/A Uranium beam.
What ECRIS would be built?

lon Beam ECRIS Cyclotron | Extraction | Cyclotron | Magnet cost
beam | current RF RF Radius Magnet roughly
(euA) (GHz) (MHz) R (m) R (m) (MS)
23346+  50-70 28 11.5, 1.3 3.6 5.0" 15
h=4,6
23820+  50-70 18 11.5, 3.0 6.5 14" 15
h=4,6

* Cost for manpower not included.
B The cyclotron with 28 GHz ECRIS delivering 238U4%* more compact and
performance-cost efficient.

B Only cost difference of the cyclotron superconducting magnet would be 9.0 M$,
enough for two 28 GHz ECRIS.



How to improve performance-cost efficiently for a new Hl accelerator (2)

Build a new heavy ion RT linac, 15 Me/A Uranium beam.
What ECRIS would be built?

lon beam Beam ECRIS Linac length | Linac cost
current RF roughly roughly
(epA) (GHz) (m) (MS)
238y46+  50-70 28 50 65 15
238y20+  50-70 18 105 100" 15

* Cost for manpower not included.

B The RT linac with 28 GHz ECRIS delivering 238U46* more compact and
performance-cost efficient.

B The cost difference of the RT linac would be 35 M$, enough for eight 28 GHz ECRISs.

10



m@ How to improve performance-cost efficiently for a new Hl accelerator (3)

Build a new heavy ion cyclotron or SC linac dedicated to SHE,
5-8 Me/A for medium-mass ion beam.
What ECRIS would be built?

lon beam ECRIS Typical Beam | Beam current Material
RF current (ppA) consumption
(GHz) (pHA) (mg)
48Cq15-16+ S0Tj16-17+ 28 >15 10 <1.0
G R B L 18 2-10 10 >1.5
54Cypl1-12+

B 28 GHz ECRIS can not only increase beam intensity, but also can reduce material
consumption with higher charge state.

11



CAFE2 SC-linac Dedicated to SHE Research

Ca~Zn

T2 4.5-7 MeV/u
LECR5,18GHz 5~10 puA
cwW

e |
'\SC-ECRI
,----/

i | - Super-condcting linear accelerator Gas-filled recoil separator
SECRAL-III, 24-28 GHz (CW - linac) (SHANS?2)

(not ready for beam delivering

12



'2.74&4?‘ CAFE2 beam intensities for SHE research at IMP

Operated beam intensities of LECR5 ion source and CAFE2

Ion species Method LECRS CAFE2 CAFE2 Timeon Consumption

Intensity Energy Target target Rate
lepA] (MeV)  [ppA]j Hrs| [mg/h]
W0Cald* 0CaO+ Al 30-40 216-228 1.5-2.5 1500 0.86
SMn!™* >Mn 30-40 238-270 1.3-2.0 504 1.4
MCrl7 MCr 20-30 217-290 1.0-1.5 1183 0.35
BCald* BCaO+ Al 10-20 220-240 0.6-1.2 ~600 0.50
WA 12t YOAr 210 224 11-14 ~10 ~

B CAFE2 was operated with 11-14 ppuA 4°Ar'2* beam for 10 hours (11 ppA for 9 hrs s and 14ppA
for 1 hrs) to validate the high intensity operation and test the target.
B More confident to operate high intensity beam with SECRAL-III
B When SECRAL-IIl is put into operation, the beam intensities would be increased by a factor 3-5
13



Y How to improve performance-cost efficiently for a new Hl accelerator (4)

Build a new heavy ion CW superconducting linac, 150 Me/A Uranium beam.
What ECRIS would be built?

(1). 28 GHz ECRIS, stripper low efficiency and lifetime problem

scL1  OtiPper .y
A A
| j » 150 MeV/A
(SECR O—( LEBT ()-( RFQ ()—( MEBT O—( QWR007( HWR040 ( >2 puA U beam
23835+ 12 puA BOUST pegoy U™ >2pHA
Lifetime? Cavity numbers
(2). Without stripper. 45-60 GHz ECRIS, higher charge state |difference ~5%
SCL1 SCL2
A A
150 MeV/A
seer « uenr| {RAQ = wew = Qwioin| ~{NRIIS ~(EVRO| ~ vk —- 150 MeVIA
23855+ 2.5 puA 23855+ 23855+, >2 puA

Which one is more performance-cost efficient? Open question!



S

Only need 45-60 GHz SC ECRIS for very high charge state and current

“False” 45 GHz FECR

Estimated beam intensities by 45-60 GHz SC ECRIS

SC ECRIS

. 45-60 GHz

Ion species ~ Charge state 10-15 KW
[epA]
40 A 16+ ~1000
18+ ~100
129% @ 30+ ~1000
42+ ~100
2098 35+ ~1000
554 ~100
238y 35+ ~1000
554 ~100

15



B Beam quality from ECRIS and efficient acceleration of high intensity
heavy ion beams.

16



Y

HIAF upgrading plan: iLinac beam enegy 150 MeV/A

High Intensity heavy-ion Accelerator Facility (HIAF)
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Acceleration of high intensity heavy ion beams: LEAF

nghvoltage pIatform




sp High-intensity beams produced by ECRIS and accelerated by LEAF-RFQ

* Current from ECR~200 euA by SECRAL-

> £,0.16  mm mrad,c,=0.18 = mm mrad

* RFQ transmission efficiency >95%
: : 40 A r9+

* RFQ acceleration efficiency >83%

* Accelerated current~160 epA

Y g2t Current from ECR~1200 epA by SECRAL-I

| - £=0.34 x mm mrad,£,=0.39 = mm mrad
* RFQ transmission efficiency ~72%

* RFQ acceleration efficiency ~63%

* Accelerated current~730 epA

50 B

%5 > To improve the RFQ's transmission efficiency ~ higher than 90%
> Nearly half of the current is removed by the LEBT collimator
> Finally, accelerated current~410 epA 19

0 €1 m Wi
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Transverse Emittance & Profile [FC] |

Longitudinal Bunch Length [FFC] |

2N W rio

Beam Position & Phase [BPM] |

semiem oo : Accelerated current~730 epA

Energy Spectrum [Silicon]

* RFQ transmission efficiency ~72%
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rip High-intensity beams produced by ECRIS and accelerated by LEAF-RFQ

* Current from ECR~1500 epA by FECR
* £,0.34 * mm mrad & ¢£,=0.3 * mm mrad
« RFQ input~1242 epA

* RFQ transmission efficiency ~88%

1606+

* RFQ acceleration efficiency ~83%
| Accelerated current~1036 epA

0 3 5 ek 07T L iy | Beam Current Monitor
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 Current from ECR~330 epA by FECR
¢ £,20.16 T mm mrad
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High-intensity beams produced by ECRIS and accelerated by LEAF-RFQ
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0.23 emA 209Bij3>* CW beam acceleration by LEAF-RFQ

Y
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0 Beam quality from ECRIS at high intensity remains a big issue

Challenge No.5  Beam Quality (Emittance)

SECRAL
24+18 GHz P=3.5+0.3 kW
B Slide from my talk at ICIS2013. HV=23 kV I =10 emA,
Bi*!*= 330 epA
B Beam intensities have been Beam: 90%-95%
improved a lot in the past 10 years. £ % 200-350 8y= 350-450 7tpm rad

| But beam quality fl'Om ECRIS at high VENUS 18-Nov-2011 10:30:36 83% in 200 7. pumlf18-Nov-201110:33:08 91% in 200 %, am
intensity has not been improved as 6% 0230 054 2w
expected and demanded.. 25+18 GHz P=6+1.8 kW el -
. HV=22 kV Iextr= 7.5 emA, o e
U33*=365 epA
Beam: 90%-95% |
8X= 200-350 £y= 200- 230 Tpum rad :::')Z;ﬂsjggggﬂoch=;26.8bmm |C?x::zf;7mra
©G. Machicoane ECRIS2012 0% oa000M  Beam curent= 36239 o

4 -"M.P H.W.Zhao, ICIS2013, Japan, Sept.8-13, 2013
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;wg Challenging to produce and accelerate high-intensity Hl beams

Production of 545 epA 233U3°* by SECRAL-II

700 -

34+33+ 02+
T iz N ﬂ 32+ | B Material: UO,+0,
+
wd  AOS ﬁ n 3nl+ _ W Frequency: 24+18 GHz
36+ | B RF power: ~7.9 kW

»
o
o

o9+ B Total drain: ~13.2 emA
37+ | '

lon Beam Intesnity (epA)

w
o
[

[
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38+

2y

100 +

X-€

n.rms*

:0.16 T.mm.mrad

: 0.16 m.mm.mrad Y-€, i
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Arbitray Unit

® Beam distribution in phase space and emittance are not so good.

® Beam emittance at high current g ... < 0.1 Tmm mrad for high efficiency acceleration
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205

Higher charge state and lower intensity may achieve lower emittance

Lower emittance for
higher charge state

479 in 010 1. um UTGmAm
o <, .=007 TT.mm.mrad=msm 060 7 b
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CL100% = 0.20
3100% =0.10m
€100% = 185 7T.|l4m

€100% = 280 7.L.Lm

With 25 epA 238U46* beam intensity and low emittance, SSC-linac RFQ achieved
94% acceleration efficiency and 95% transmission efficiency.

But we need higher charge state. higher beam intensity and lower emittance
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o Conclusion

B High performance ECRIS at 28-60 GHz not only increases beam intensity,
charge state and energy, but also makes accelerator performance-cost
more efficient.

B The biggest challenge for mA CW heavy ion beam acceleration by RFQ
and SC linac is beam quality from ECRIS.
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