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Content

* Heavy ion driver linacs — why and how
* Progress in linac components
» Existing facilities and

facilities under construction

Please be aware that the presentation is not complete with
respect to the last two items, examples only!



Mission

Mission of heavy ion linacs

1) Experiments around the Coulomb barrier
at around a few A MeV

2) Driver beam for research facilities
at a few hundred A MeV

3) Injector for a cyclotron or synchrotron
driving medical or high energy facilities
up to LHC energies

UNIVERSITAT

AAAAAAAAAAAAAAA



Sy Mission example for 1)

UNIVERSITAT
vsits SHE research at RILAC K. Morita et al., J. Phys. Soc. Jpn 81, 103201 (2012) ==AN<ruxT am marx

RILAC

707n + 209Bj —s 278N h+n
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5 MeV/u for M/g=5

Average current: 0.47 puA on target
3 events / 576 days during 2003 - 2012

[1] T. Nakagawa et al., Rev. Sci. Instr. 71, 637(2000).
[2] O. Kamigaito et al., Rev. Sci. Instr. 76, 013306 (2005) 4



Mission example for 2) corrns 3%
FRIB - facility MSU, Michigan, USA: Linac driven .
200 A MeV < W(uranium ions) < 400 A MeV (Upgrade)

7 B _ 100
. Primary User Stable Nuclei
// + Specific isotope with o
Primary Beam <4 high purity 5
Dump ’_,-‘ ’ 3 80
| =
Y Fragment Separator o Nudtei Rriowr
Ve il ey i e O ! to Exist
8 60
Fragment Catcher Isotope Harvesting =
+ Constrainedrange of isotopes 3
+ Easier chemical separation < 40 Unknown Nuclei

: : stellar fusion
Rt e [D-PrOCESS

400 kW o Beam Dump Isotope Harvesting
primary beam + Wide range of isotopes e B i aid
. ; - - 20 e p-process
Challenging chemical separation
- neutron star process

supernovae core
e S-PrOCESS

Linac beam . . l l

gt 20 40 60 80 100 120 140 160

S 400 kW Number of Neutrons

https://frib.msu.edu/ files/pdfs/frib_opening new frontiers _in_nuclear_science.pdf



Mission example for 3)

FAIR — facility at GSI Darmstadt, Germany
11.4 A MeV Unilac & SIS18 & SIS100
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« Radioisotopes

Unilac S|S18
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Other research topics:
« Strange matter
 Compressed

baryonic matter
Antiproton experiments
Warm dense matter
Atomic& Bio physics

Separator SFRS

= m existing
Nt B Under construction



CW versus pulsed beam operation

The facilities differ a lot in duty factor, beam current and time averaged
particle current.

Comparison for uranium ion beams

« CW operation: U3°* from a 20 GHz ECR — source like the
Berkley LBL — VENUS source, Wy = 200 A MeV:

Up to 200 eud time averaged beam current may be delivered to the
target by cw linacs (FRIB, RISP..), corresponding to about

5-103pps, 400 kW on target!

It is however a hard task to reach this goal with heavy ions,
due to their massive particle-wall interaction.



CW versus pulsed beam operation

AAAAAAAAAAAAAAA

» Pulsed beam example: - U** from GSI VARIS source,
- Gas stripper at 1.4 A MeV into U48*

Linac output: 11.4 AMeV,20 emA U8, d.f. 107%;
After SIS100: [ = 2 euA , about 5 - 10! pps.

This current level can be delivered to the target by synchrotrons only
with applying multi — turn injection of the linac beam!

That means: Two orders of magnitude in beam reduction have to be
compensated in case of the synchrotron facility by:

« Higher production cross sections with higher beam energy
« Higher separator efficiency (less divergence) at higher fragment energy
« Advantage of pulsed beam structure for fragment injection into storage rings



Progress in heavy ion linac components
* High current ion sources
 RFQ's
 RT DTL's
« SCDTL's



High current ion sources coeTne $8
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« Electron Cyclotron Resonance ECR source is the working horse for
long pulse and CW operation

solenoid coil 1 solenoid coil 3 solenoid coil 2

28 GHz VENUS ECR,
LBNL Berkeley

Superconducting

Coils inlootion extraction
side
Plasma chamber

Inner diameter 150 mm

Mirror fields in/out 4.0T/3.0T

Radial field max 24T

aluminium iron sextupole coil

10



‘gy Development of U beam at RILAC2

Development of Iarge HT—oven containing 3g - UO, in the crucible

RIEN  UNIVERS ITAT

FRANKFURT AM MAIN

Intensity of U3°>* : 120 e-microA
Consumption rate : ~3 mg/h
Duration : ~1000 hours (41 days)

-

’ — SH) :
e Dy \ < - 1'1':]3-
p 3:\ 400 - -
o
28-GHz SC-ECRIS 2 300" 1
E I-ﬁD:i-- .
2 200 - T omy —
GM-JT relrigirator = 16055 )
U Solennid coils & 100~ ]
Diclectric coupler UM relngirators Hexapole magnet [aa) I | n
Mode Hiller bye hreak 1—""EI' 50 100 150

Analyzing magnet currant(ﬂ}
Heam extraction

- - ﬁjml . .
Y. nguraShl electrnde .i _ | . Ls 3+ .
| - / L]=E
et al., C T R
oy : ET ‘I 162+
ECRIS2016 N Loy |F
£ 100 \ “
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. | =l L H i i
Plasma chmaber | Solenoid coil Analyzing magnet current(A)
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High current ion sources corTHE 44

“ . UNIVERSIAT
= Record beam intensities produced by SECRAL I&I1
® For the first time in ion source history, BI‘;::D ;lzglslﬁifi; :; iiLlrtEenN:lJ;
Art-1# 0 Krl® Xe?t > 1 emA (epA) (epA)

® Open a new era: HCI DC beams -- emA 16()6+ - 6100 4750
® Important to intense-beam heavy ion linac

A1+ 1420 1060
6000 oop - [ e 40 A p16+ 620 523
e ¥ e e — 407 y18+ 15 4

o e H.W.Zhao.et.al. PRAB, “Cal#* 270 285

jg;ann 777777777777777777777777777777777777 R7H - 20, 094801 (2017) 86 18+ 1020 770

el e BKr28t | 146 100

E s00 ||| ﬂ Xe?6 1100
200 | J 320 330
wo | w 15 6

o Lo o] T v, 20931+ 680 300

e 20950+ 10 27

28 GHz [The W.()rld rfecford 238733+ 202 440
beam intensities

Record intensities are shown in red 12



High current ion sources
ECR development at IMP Lanzhou and for HIAF

Secral 1,ll concept: 28 GHz,
SC sextupole around
SC solenoids

Iron York and Shielding Sextupole Coil

Iron pole

V- VECTOR FIELDS

Iron Segments for Sextupole
Field Booster and coil Clamping

Aluminum Clamping Ring

GOETHE A
UNIVERSITAT

FRANKFURT AM MAIN

45 GHz FECR

New development:

I2WGM__ N
Cryocosler

_ 22WGM
A7 Crvoeoaler

| TS current leads
NhbySn mugnel with

four solennids and
one sextupnle

g HHH""

z i "
T 45 (zHz 20 kKW | 45 GIIz+35 Gllz
eyrolron syslem mitrowave coupling

50 KV 4 electrodes

extraction system

3 f_-"r Solenoid lens

| |+ [——
. == ==
s ?{T' _— e — ___-
Quaglinpﬁcal ﬁ;a-w . e

i ] B=3-_ 25001
Lransmission d B =

ﬂ-‘z- . TM pump

-
Injection tank with TM pum
wave guides, biased

disk and ovens

+ A
||
. e
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r

SV HY -
platform

Nb3;Sn coils Proto-
typing ongoing

H.W. Zhao, et.al.
RSI, (2018)
etamante 10=a56m, 00410 [ ron ore | 13
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45 GHz ECR magnet development corrue §5

inting Check

.nrm;_.ig!';ﬂ(

: e T =

% »

sub-assemhbly
with load-pads
Sextupole

conl-puck \
!

Nb,;Sn magnet

s : prototyping at
x'\ = I;. ; -7

N ._.,.aa;?,;“-. ™) ‘\ - _ IMP Lanzhou
s & “l e Trom yol Yoke-shell o s i

aub-assembly
Bladders Lounl-keys

~

Sexmupole coils Collars

e
P -

Prototyping Nb,Sn sextupole coil 800 A no quench
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High current ion sources coeTne $8

UNIVERSITAT
 Pulsed Electron Beam lon Source EBIS
Tons He-U BNL EBIS Preinjector, providing lons to RHIC and
Q/m =176 NSRL since 2010
Current > 1.5 emA (10 uS)
Pulse length 10-40 ps ] Elect Collect
Rep rategt 5 Hz : g:ﬁ;‘:”"‘“"g e i

Output energy |2 MeV/u

AP/P <0.05% Drift Tube Structure

Time to switch | 1 second
species

E-Gun
lon Charge lons into
species State Booster
He 2+ 9.0 109
C 5+ 4.4 109
Si 11+ 2.7 10°
Fe 20+ 8.1 108

Au 32+ 1.1 10°

15



High current ion sources coers §34

ONLYERSITAT
* Pulsed Vacuum Arc lon Source VARIS

Revolver with 17 Cathodes
Technical data > 2 Solenoids: 0.1and 0.2 Tesla

> Arc current: up to 1 kA
for uranium: > Typical duty cycle: 1Hz /0.5 ms

> Working Material:  ductile metals

> Life time: ~1 week

Extraction system:

1 - Ignition trigger
> Triode ext. system 2 - Coil 1

3 - Cathode
> Multi aperture: 13 holes, 2 3 mm 4 - Coil 2

5 - Anode
> Aspect ratio: $=05 6 - Grids

7 - Plasma electrode
> MAX ext. voltage: Uext =35 kV 8 - Isolator

. . 9 - Screening elect.

> Emission area: 92 mm? 10 - Ground elect.

/16




High current ion sources
The VARIS was developed at GSI Darmstadt to inject heavy
metal ions like U** into the Unilac r

»optimized for production of Uranium beam:
2.4 A keV, 43 mA into LEBT , 67% of U4t

> better vacuum conditions: up to 8:10® mbar

UNIVERSITAT

FRANKFURT AM MAIN

> no water cooling necessary

> higher emission current density: 170 mA/cm? :
> better pulse-to-pulse stability
> reduced intensity fluctuations during the pulse T R A

> U4 beam current in front of the RFQ: 15 mA

+
EV-plape;|* [ 10.8] & ] =

alpha

eia Ifrw'nrad! 1. EE
amnalrrad/mn) : 0.6

Eumnt Rz 1,

R. Hollinger, M. Galonska, Nucl. Instr. and Meth.
in Phys. Res. B 239 (2005)

B (mA/E 7). 5 0o 005
cdit made

Uranium Current in front of the RFQ might be

doubled by a new, straight injector line & (95%) = 178 mm-mrad

17



RFQ's

. UNIVERSIT
Heavy ions at very low charge state need low frequency structures — rravxrosrammamn

~ S = - i
| o : I:.
"f L By —
- | . s .
] - ST = _'-' W
¢ T &
] % 5 | d
L .
fond : z
" -
. Pl

TRIUMF ISAC 35 MHz RFQ 10 MA Ar'*,>15 mAU*"  MOPTS036
Split-Ring, 8m, CW, 75 kV, (low GSI Unilac HSI — RFQ, 36 MHz
current rad. isotopes), 4/, < 30 IH-RFQ, 9.2 m, pulsed, 125 kV

Hllo_made; @i: 076m, A/q < 60 18



RFQ‘S GOETHE

ONLVERSITAT
4-Vane-RFQ with ,windows", lowering frequency; Example:
60.625 MHz ANL ATLAS RFQ, CW, 4/,<7, 30 —295AkeV,
Ly= 3.81m, 70 kV, 60 kW, 12.125 MHz bunch sequence, external buncher

Multi-cell split-coaxial structure with trapezoidal modulation,
P.N. Ostroumov et al.,, PHYS.Rev.ST ACCELERATORS AND BEAMS15, 110101 (2012)
g B 25 inch
= %, flange
(635 mm)




4_Vane RFQ‘S UNIVERSIT

80 MHz RFQ's for 4/, < 7 were established at: FRANKIURT AN MATN

- FRIB — MSU, Wy = 500 AkeV,

+ RISP — RAON, L = 5m,
+ HIAF — IMP 0 ~ 940 mm

Photo: Installed FRIB RFQ in tunnel

"...-_M" F__a g - r ; = = 'r l—:ﬂﬂ | j:'_ _‘ .ﬂ.‘ .-m‘-'_‘ - .b i .‘,' E . = -: } N _._I_:_"':_ _.__!_Ii- - .

— e oy gt - _. i . : | e E P *. oy _I__ 1 - -- : = - .
s S = e i S SR SR T Scheme:
# frce an =1 Nefs 7 I g h N Rha. '. ™ - &

FRIB - RFQ module

20



4_R0d RFQ‘S GOETHE
UNIVERSITAT
108 MHz CWRFQfor GSI- - Tegted at 130 kW/m,100 kV, _s

CW Linac: Yy
Cu Electroforming

D. Koser et al. Proc. IPAC2018,

Coop. of IAP Frankfurt & NTG GmbH —

A/q <7 L=25 m,

= Courtesy:
il .. _ A. Bechtold
v~ ' NTG GmbH

Dipole Compensated




New RFQ research topic corrns 3%
Higher operation frequencies

FRANKFURT AM MAIN

» 4-Vane type: CERN 750 MHZz! * 4-Rod type: IAP Frankfurt,
H.W. Pommerenke et al.,Proc. LINAC18, 325 MHz Ladder-RFQ
Beijing, p. 822 M. Schuett et al., Proc. LINAC18,

Beijing, p. 826

Manufacturer:
Fa. Krel3 GmbH

22



IH— DTL is used for driver beams at:

RT DTL's

UNIVERSITAT

FRANKFURT AM MAIN

GSl-Unilac: U**, 15 mA, and U48* injectors, 1.4 A MeV
CERN - Linac3 for LHC: Pb%’* injector, 4.2 A MeV

BNL — EBIS injector for RHIC, Au?’*, 2 A MeV

Dubna — NICA HILAC, Au3°*, 3.2 A MeV

Dubna — NICA LILAC, C**, 15 mA, 7 A MeV (under constr.)
Several tumor therapy centers, C**, 7 A MeV

: Hi1(0y
Mode
. sk (] 4+
I 36 MHz,38 MV,9m,® = 2m
=l 20 MV 38m 120 — 743 A keV,950 kW
' 0.4 -7AMeV 4+

900 kW

23



RT DTL's GOETHE 33

. . UNIVERSITAT
Alvarez — DTL is used for driver beams at:
e GSl-Unilac: U8t , 20 mA, 1.4 —11.4 A MeV (since 1975)

» Replacement of A1-A4 by current optimized Alvarez-DTL
design, low duty factor

%#-.}-mm_._.__- Irr————

===

« production of the first-of-series (FoS) cavity section is
ongoing

 external production of big parts: mantle and end plates

« internal production of smaller parts (spare part
management)

FRSET OIS I GSl's galvanic workshop can Cu-plate big & small parts

TraceWin - CEA/DSM I/ SACM




Transition RT to SC DTL cosrus {3

UNIVERSITAT

 FRIB, RISP, HIAF get 500 A keV from the RFQ. S
 FRIB and RISP directly inject into SC - 2 gap - QWR's
« HIAF is discussing an alternative: IH-DTL up to 1.5 AMeV (Scheme2, P = 100 kW):

Scheme1:QWR+HWR _0 03 _0 19
LEBT “ 1 Low energy section High energy section i'
0 SMeV “17MeV/u
23835+ QWR cavity HWR cavity HWR cavity
B 0.05 B 0.10 B 0.15
= 81.25MHz = 162.5MHz = 162.5MHz

e T

Scheme 2: Only QWR - ey, WL d,_;;?
il - L

238 J35+ 23846+

B =0.03 —0 19

_ t Low energy section High energy section "

0.5MeV/u 22MeV/u

LEBT |

25



SC DTL‘S GOETHE

UNIVERSITAT

The first SC heavy ion linac was developed by L.M. Bollinger et al. at ANL.  reanxrorr i i
Beams since 1981. Split — Ring 3 gap resonators, later 4 gap QWR's for PII

Fragment —. x]'“ﬁ"“-‘c;h)
Mass Analyzer G r'/(’ F

HELIOS \ 5,

AGFA

Radiglegical

Prep Lah

. : 0,
45 - : —2— Split-Pole

i S Vs “

Cavity development _EcR2 \ A g e
on Source 0 s Fl.lrpOﬁC W, g L

- /45\\ 2 \;\U,jf:‘&\'\ P

at ANL, Argonne 7\ BeamLine R/ a\;\%ﬁf
N, 4 o,
b -

Large Scattering
Facility

ATLAS
Facility
today

Approximate Scale
[in feet)

K.W. Shepard et al.

lon Source ‘

|
J I
T L ]
Accelerator o
Control Room

e



SC DTL's GOETHE

UNIVERSITAT

Main SC cavity types used today for heavy ions: FRANKFURT AM MAIN

Example: FRIB cavities

A. Facco et al. Proc. of IPAC12, New Orleans p. 61

W Resonator QOWR1 QWR2 HWR1 HWR2

5 0.041 0.085 0.29 0.53
O B | f(MHz) 0.5 805 322 322
e T —
B,=0.041 B,=0.085 p,=0.29 B, = 0.53 Va (MV) 0.81 18 21 37
* Quarter wave « Half wave £ (MV/m) . 3 3 >

resonators resonators D
QWR, 2 gaps HWR, 2 gaps

27



SC DTL's

P g . UNIVERSIAT
Example: FRIB cavities continued FRANKFURT AM MAIN

Final VTA Result FRIB $0.5 MHz .lﬂ=ﬂ'.ﬂﬂ1]| OWER (16 Cavities)

||J|l

-

o 10!

g

J.T. Popielarski et al. Proc. of 2017 SRF workshop Lanzhou, p. 715



SC DTL's

UNIVERSITAT

FRANKFURT AM MAIN

« Baloon type Single Spoke
325 MHz development at RAON

D. Jeon et al., Proc. SRF2017, Lanzhou, p.36

« CH cavity development »
The only multi-cell cavity for the low - B range Investigations at 217 MHz with
beam (EQUUS dynamics), IAP Frankfurt, GSI Darmstadt, HIM Mainz

L T N A F. Dziuba et al., Proc. LINAC2018, p. 859

?RF test in a horizontal cryostat (@4'2°K)§

Dynamic tuner

| - Static tuner
WA Y BB F Inclined stem P IR

e s
s | | *
0 Preparation a Al & L y / ﬁ:h
F e Ver’FicaI test w/o He vessel EG = 96 MV/ 1 ports E "-- \ }jib, W I
| % pesmoviac | Qo = 8.14 - 10° e
(i .

‘Helium vessel
E, | (MV/m) 29



SC DTL's GoETHE_$J

UNIVERSITAT

Layout of the horizontal Matching line - demonstrator — test bench PRANETORT AR MAT
cryomodule
ar Qo ap 5
5 (=) M b
1,4:1Lt~.1-j.fu "Wﬂ)—mﬂ'ﬂ@_ﬁ—ﬂ T Demnonstrator F—F{E_S E[E:M FI’_]
*Steering magnets *Phase probes for TOF measurement
*Rebuncher *Beam current transformers
*Quadrupole doublet *Bunch shape monitor (Feschenko)
*Profile grids *Emittance measurement

Demonstrator at GSI-High Charge State
Injector (HLI)

. measurements during 2018:
~_ W.Barth et al.,

" Phys.Rev.Acc.and Beams 21,
020102(2018)

Superconducting { |
Support 217 MHz CH cavity £ :
frame

30



FaC|I|t|es existing or under construction GOETHE 4
UNIVERSITAT
GSI CW accelerator Layout

FRANKFURT AM MAIN

Crvomodule f Crvomodoule 2 Crvomodule & Creomodule 4
LEBT CHo  CHICHZ2 — CHS ~— CH4CHS —— CHE —— CHTCHS _EE‘?F______E?EF:'E_E’EH___
Eﬁ_‘ RB1 QT2 QT3 RBe TUEIBDTUES D ENBY TR b S By Se by ST B TTEE
FECR 0.3 MeViu 1.4 MeViu 4.4 MeViu 7.9 MeViu
L m
| 1} | | I | 1} | | || | | ] I
0 10 20 30
Poster MOPTS034 and next talk Courtesy: W. Barth Crvo
Cavity Output energy (MeV/u)
Input CM1 Output CM4 Module
i, T = O TSI (RO | e, { POy = OUEZEED (B0 L BEE TR = 1 AEG B0 A/Z=6 A/L=3 AL=1
o ' ;" - HLT 1.4 /.4 .4
E o — Il CHO 2.1 2.2 3.0
: .| E - CM1 CH1 2.6 3.0 4.2
4 4 II\.:'_v_':'_'m:l_r 4 = o A :m:_z_':l 4 8 i= ;Eufma:‘a';:u:'\:: 17 ﬁI- CHE 2.9 3‘.ﬁ '4-.5
CH3 34 4.3 5.7
o CM2 CH4 3.8 4.8 6.3
O TOtal Of 12 CH CaV|t|eS CHS 4.2 35 77
’ ie CH6 4.7 6.2 8.6
. +
Each cryo module contains 3 CH cavities + 1 CM3 T =5 70 39
rebuncher + 2 solenoids CH3 5.8 7.8 10.9
CHY9 6.4 8.7 12.3
 Variable beam energy 3.6-7.5 MeV/u CM4 CHI0 7.0 9.5 13.2
CHI1 7.6 10.5 14.6

31



FRIB 200 MeV/u, 400 kW, all stable ions to be accelerated, 4 Types of Superconducting (SC) Cavities,
6 Types of Cryomodules (CMs) with 69 SC Solenoids, 138 SC correctors, and beam position monitors inside

Beam Delivery « Among 18 =0.53 HWR CMs in total, 4 CMs done, 13

System To Target CMs assembled, 15 cold masses completed

B=0.085 Matching [=0.085 Matching p=0.53 Matching Superconducting
Cryomodule Cryomodule Cryomodule Folding Segment

[ , e
- ]
L'-S' . x x z x =g — X x -_FI:-—-I__QTI-‘-:-HEI \)
ol 11 §=0.085 Cryomodules 3#=0.041 Cryomodules 500 keVuRFQ | [
{0
Room-Temperature  f=0.085 Matching 12 p=0.29 Cryomodules 18 g=0.53 Cryomodules 10 m Vertical Drop from
Folding Segment Cryomodule lon Sources (above ground)
I Beam commissioned to here I 44 cold masses and Quarter Wave Resonator (QWR) Cryomodule
38 CMs com p|eted Component Counts (baseline + spares)
30 CM S “done” (Certlfled R Type Cryomodules Cavities Solenoids
by cold, high-power test, 0.041 accelerating 3 + 1 done 12+4 6+2
ter
lometet — and installed to the tunnel) ons accelerating 11 done + 1 — =
30 cavities left to certify, - matching | 1 done + 1 4+4 )
12 cavities left to receive
0.29 accelerating 12 done 72 12
accelerating 18 * 144 18
0.53
matching

B = 0041 cavity B = 0,085 cavity B = 0.29 cavity B = 0.53 cavity TOTALS 324 + 16



Stage 2 and 3 Beam Commissioning Goals accomplished within 1 week, respectively, becoming
world’s highest energy CW hadron linac 100 % transmission (meas. accuracy better than 1 % )

FRIB

* August 2014: Technical construction started b
« Staged beam commissioning with installation in parallel

» Stage 1: Low Energy Beam Transport (LEBT), RFQ, Medium EBT: done

» Stage 2: All 3=0.041 CMs: done

« Stage 3: Linac Segment 1 (all B= 0.041 and =0.085 QWR CMs) just done.

Ar, Ne, Kr, Xe were accelerated up to 20.3 MeV/u

« Stage 4: Linac Segment 2 (all = 0.29 and 12 =0.53 HWR CMs) planned in Mar, 2020

« December 2021: Forecast early completion
(June 2022: Baseline Critical Dedision-4 (project completion) )

TunnetLEBT, RFQ, MEBTA

Transverse focusing by 9 T
solenoids, integrated in cryomodules

#¥ Ling egment'i taining"15 -
QWR CMs

-
e

- Facility for Rare Isotope Beams
- LLZ Cepa-tmeaent o Energy DOffice of 22 ence
FMichigan State Lniversizy



Superconducting ECR ion source is on track

FRIB Liquid Lithium Charge Stripper System Established

More than 10 days Continuous Operations Completed

Established liquid lithium film
(seen from the chamber view port)

FRIB liquid lithium charge
stripper device assembled

Assembly to be completed in 2019
 Magnet was completed and tested at LBNL
» Cryostat assembly started March 2019
« Coldmass instrumentation assembly in process

on the helium vessel

Test in 2020

I\\n‘aqne \bmltltma LBNL

34



Facility under construction

The RAON facility in South Korea is under
construction. The RISP project developes a driver
linac with similar beam characteristics like FRIB.

For more details see :

D. Jeon et al., Proc. SRF2017, Lanzhou, p.36
P. Ostroumov, Proc. of the LINAC18, Beijing, Slides

35



& Rl Beam Factory (RIBF) at RIKEN Y- Yano, NIl B261 (2007) 1009 4€¥

H. Okuno et al., PTEP 2012 03C002

NisFitia AN UNIVERSITAT
2 Hl linacs RILAC / 16 - 25 Beam intensities @ SRC
MV
Ca injector 48Ca: 738 pnA — 12.3 kW
SHE resegrch

78Kr : 486 pnA — 13.1 kW
124Xe: 102 pnA — 4.4 kW
238 : 72 pnA— 5.9 kW

RILAC2 /4.8 MV
Zn, Kr, Xe & U

- ' i
=y i =
s * Bl
- 1

|3 Injectors | + |4 Booster cyclotronsl + Rl Beam separator

— ALL ions can be accelerated up to 345 MeV/u (70% of C) in CW mode. - N " 36



S

NISHINA

E: 6.5 MeV/u for M/q=6

RILAC upgrade project

7.5 MeV/u for M/q=4

GOETHE A
UNIVERSITAT

FRANKFURT AM MAIN

N. Sakamoto et al., LINAC2018
RIK=N

> Super Heavy Elements: Z = 119

> RI production for
medical research )

5
p

I

10 QWRs

in 3 CMs

installed
in

FY2018

To be
presented at
SRF2019

28GHz _ .
SC-ECRIS
ﬁ ~16 MV
I-| LI LI
Frequency (MHz) 73.0
Optimum B 0.08
Rsh/Qo (Q) 578 i e
G (=Rsn/Qo) 22.4 [ _f e
Eacc MV/m) 6.8 108 |l Bt et ke ree s brreebereeberes
o= 2 3 4 S 86 ¥ 8 9 10 11 12 13 14

Epeak/ Eacc 6.0 Epce [MV,/m]
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Pulsed synchrotron injector linacs UNLVERSITAT

Injectors for carbon therapy, C** from ECR

At first a very big linac at HIMAC, Chiba, Japan (4-Vane RFQ and
Alvarez-DTL, = 30m)

« 7 AMeV, 5m linac for HIT Heidelberg, Germany
(217 MHz, 4-Rod RFQ and IH-DTL with KONUS dyn.)

B. Schlitt Proc. of the LINACO08 Conf., Victoria, BC, Canada, p. 720-724

« 4 AMeV , 6m linac for Gunma University, Japan
(200 MHz, 4-Vane RFQ and IH-DTL with APF dyn.)

T. Ohno et al., Carbon ion therapy at the Gunma University Heavy lon Medical Center: new
facility set-up, Cancers 2011,3, p. 4046.
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Example' 21 7 MHZ Carbon IlnaC from GSI/IAP FRANKFURT AM MAIN
21 MV C** injector for medical synchrotrons: 217 MHz 4-Rod-RFQ & IH-DTL with KONUS dynamics

I :
|AP Frankfurt and GSI Darmstadt. Commissioning report:
B. Schlitt, Proc. of the LINACO08 Conf., Victoria, BC, Canada, p. 720-724
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FRANKFURT AM MAIN

In operation at big facilities:

« CERN Linac3 - LEIR-» PS— SPS— LHC Poster MOPGW069
Linac3: ECR—Ladder-RFQ—-IH — DTL, 101/202 MHz, 4.2 A MeV

The Linac is the pre-injector supplying beam for the LHC, fixed target experiments from the Super Proton
Synchrotron, and for radiation to electronics tests. It typically runs with 1 ion type per year (charge state out of Linac
given). Transmission improved by removing an aperture restriction behind the source.

In operation since 1994.

Year Element Mass Source Exit Linac
Data from
D. Kuchler, Charge  Current Charge  Current
CERN State State

15,16,18 Lead 208 29+ 170 uA 54+ 30 uA

14 Argon 40 11+ 100 UA 11+ 60 uA

17 Xenon 129 22+ 160 uA 39+ 30 uA
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Pulsed synchrotron injector linacs
BNL EBIS Linac

Primary 1+ ion from external Laser ION source (LION) and
Hallow Cathode lon Sources (HCIS)

Electron Beam lon Source (EBIS) as charge multiplier
RFQ from 17 keV/u to 300 keV/u, 100 MHz

IH- Linac from 300 keV/u to 2 MeV/u, 100 MHz

1 Rebuncher and 2 Debunchers , 100 MHz

In operation since 2010
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UNIVERSITAT
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Pulsed synchrotron injector linacs ot
BNL EBIS Preinjector Operation

Operate about 9 months per year with very high reliability.

Automized more than 100 ion species switches/day, switching time ~40 sec .

Routinely provide multiple ion species for NSRL simultaneously with RHIC.

List of ions from BNL EBIS preinjector:

p,d, He1+,2+’ 3H62+,Li3+, C5+,6+’ O7+,8+, Ne5+,A|11+’ Si11+,13+, Ar11+,Ca14+, Ti18+,F620+’24+, CU11+, Kr27+’
Zr16+, Nb16+’ X627+’35+ T838+, AU32+’42+, Pb34+’ Th39+,48+’U39+



http://linac.physik.uni-frankfurt.de/bnl/IMG_8082.JPG
http://linac.physik.uni-frankfurt.de/bnl/IMG_8082.JPG

Pulsed synchrotron injector linacs under development

* HILAC and LILAC injectors for the NICA — project in Dubna,

HILAC: EBIS— 4-Rod-RFQ— IH-DTL combination;
AJ0 < 65; 1 <5mA, 100 MHz,2 [H — tanks,W; = 3.2 A MeV;

Design ion Pb34*. Running in with beam beam was successful.
Low level RF still under improvement.

LILAC: [Pol. p, d sources and Carbon Laser source] - 4-Rod-RFQ—-
IH-DTL combination; 162.5 MHz

4/q <3; 1 <15mA, 100 MHz,2 IH — tanks, Wy =7 A MeV;
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Scheme of the NICA complex with two Injector Linacs
LINAC RF Pulse structure: Clean Room

(Detector Electronics)

200us, < 10 Hz BM@N (Detector) SPD
Extracted beam \ (Detector)

Poster MOPMP014 ( é§

4 ;
i )

Collider

/ﬁ( E-cooling
\ - e
Internal target : —
HILAG Ve
| |
LILAC i P-.,
Cryogenics Magnet factory

Nuclotron

Beam Current: < 10 mA for HILAC, < 15 mA for LILAC
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Pulsed synchrotron injector linacs under development  corrue 5%
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New Heavy lon facility HIAF in China . .
/-?/ SRing: Spectrometer ring
. . . Circumference: 273m
BRing-S: Booster rin - -
Circ gmference- 65ggm V\/f a@% Rigidity: 13-15 Tm
! .u. ] . L: 180 Bo: 25T J.-fﬁ*" ‘} = Electron/Stochastic cooling

Rigidity: 86 Tm \ - 16Um, bp: M A i ZAX. Two TOF detectors

Four operation modes

=

Beam stacking
Beam acceleration

MRing: Figure “8” ring
/%\ ircumference: 273m
W "a‘\ : Rigidity: 15 Tm
\ L]

BRing-N: Fast cycle ring
Circumference: 590 m
Rigidity: 34 Tm iLinac: Superconducting linac
Length:80 m

Energy: 17-22 MeV/u(U35+-45+)

Large acceptance (250/120) S5
Two planes painting injection =
)

Fast ramping rate (3-5.10Hz, 20Hz)  BRing-N and MRing will be built in PHASE Ii
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HIAF iLinac operation mode O
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Phase I: 17-22 MeV/A To SRing -
asc 1. - C } — iLinac L
\;_'_':'hmmmmmm-ﬂi,.. HE T, 1 Hhﬁ% |

Phase 11: 100-200 MeV/A

CW mode Pulsed mode Parallel mode
Independent machine BRing injector only BRing and experiments
I I .. I i
t ‘I 203 I__-.—u. I t ‘ | 293 I | :
1606* 1 emA 1606+ 2 emA Challenge
129Xe27+ 1 emA 129X @27+ 2 emA - High intensity operation
200831+ 1 emA 209B;j31* 1.5 emA - Switching from one to
23835+ 1 emA another setting.

238Yy3s*+ 0.7 emA
0.3-5 Hz/0.2-2 ms - Long-term reliability

The world highest intensity CW HI linac project

46



Pulsed synchrotron injector linac under improvement

* GSI| - UNILAC to be modified for FAIR to a pulse structure

like:
”” |||| ”Hﬁsl”l t/s *hloOus

01 2 3 45 6 7 8

« 4 S1S18 cycles in one second
« 1 SIS100 cycle during two seconds

Traditionally, Unilac was a 25% duty cycle accelerator!
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The GSI Unilac at present —
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High Charge State Injector (1991) to SIS 18%
//A—
MUCIS HLI (ECR. RFQ, IH) - SRR
' Oi
MEVVA LEBT 108 MHz
=3 | HSI (RFQ,IH1,IH2) ~-¥  poststripper (Alvarez, Cav.)
% o=0=100 ©
—qa | . —e
36 MHz Gas Stripper 108 MHz !

PIG
High Curre_nt Injector (1999)  Alvarez (1975)

\“‘

Single Gap Resonators
(1975)




Unilac

Beam Parameters:

N,-gas jet [8] H;- gas cel
(pulsed)

v
Back-pressure 0.4 MPa 12.0 MPa
U#*-current (HSI) 6.0 emA 7.4 emA
Stripping charge state 28+ 29+

Stripping efficiency 12.7+0.5% 21.0+0.5%

Energy loss 14+5 keV/u 60£5 keV/u
Max. current 4.5 emA 11.5 emA
€ (90%, tot.) norm. 0.76 um 0.51 pm

£.(90%, tot.) norm. 0.84 um

0.96 pm

/\ /\
Hor. brilliance (90%) 5.32 mA/um 20.29 mA/u

Beam Energy Loss:

y2s+ N,-jet (max.) 1415 keV/u
28+ (P7uI53(K/|dP2§-str|pper cell 3545 keV/u
29+ (P1uzls(;edMHP2$tr|pper cell 6045 keV/u

Particle Stripping Efficiency
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UNIVERSITAT

FRANKFURT AM MAIN
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W. Barth, High Intensity RFQ meets Reality workshop HD 15.-16.04.2019
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Unilac Uranium High Current Injector-Performance = UNIVERSITAT
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Conclusions
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Wordwide revival in heavy ion linac development, triggered
by large research facilities and by applications

Characteristics are low frequency and low f3
Transition from RT to SC technology still in a flow

Technical capabillities for a realization of heavy ion linacs at
higher frequencies are improving (LEBT emittances, RFQ —

production quality, drift tube techniques like permanent magn.
quads, lens free sections...
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