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Facility for Antiproton and lon Research - FAIR
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Requirements to conduct world class experiments

» Beam intensity increase:

» Primary beams: x 100 — x 1000
(4*10" uranium ions and

2*1073 protons per spill) Lo
\ p-LINAC
» Secondary beams: Yo r =
x 10.000 &
\\\6?J\‘Tfixéﬁ‘-,.a:lp// ] j(:? )
» Beams: i s e 4™ 1) -_ SIS100 EH
/é \\/ﬁ'\\‘ \ f‘""ﬂ 3

Y 2 S 7 HESR
> Anti protons | \\@“\Xé\i\x W 5.;;f’.?’!zi~’f / Super - FRS
> Protons to uranium . 7t /
APPA

i
> RIBs ‘”/Q,// Y
» Beam quality: /s

» Cooled anti proton beams
» Cooled, intense RIBs

» Beam pulse structure: .
extreme short pulses to Modularized start version

quasi continuous /
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Preparing the Injector Chain

: High charge injector (HLI)
with ECR ion source

Transfer channel#
Alvarez DTL
7

High current S
injector (HSI) o NI .\ 4

4 ._u-c..‘*

(MUCIS/ MEVVA &
Penning)
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'h., ‘\:\".
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Low energy

experimental hall

High energy
experimental hall
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Preparing the Injector Chain

<

Exchange of 35 years old Alverez accelerator
With modern interdigital H-type structures
Higher intensities > 28 GHz ECRIS

- 4L 4

High charge injector (HLI)
with ECR ion source

/

Ion sources
(MUCIS/ MEVWVA &
Penning) —___

High current
injector (HSI)

UNILAC upgrade
High power (high intensi
short pulses

- Increase of beam brilliance (Beam
current / emittance)

Increase of transported beam currents

Improvements of high current beam
diagnostics / operation

SIS 18 upgrade
Fast ramping, enhanced intensity
per pulse
Increase of injection acceptance

Improvement of lifetime for low-
charged U-ions

Increase of beam-intensity per time
due to reductlon of SIS18 cycle time

ST TG
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High current ion source
iIssues
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GSI high current sources

[ Filament driven j ! [Vacuum Arc drivenj : [ High Duty factor j
: coil 2 coil1 solenoid :
| ' |
| ‘ |
s . |
! ja 4 Jowactor
I trigger . |
| | |
| XX :
| :
| |
MUCIS, MUCIS New, ! MEVVA, VARIS | PIG
CHORDIS | !
| |
Working material: ! :
Gases : Metalls and Gases : Metalls and Gases
: |
|

e
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Vacuum Arc Driven Sources

B\ A .\
VARIS (Vacuum Arc lon Source)

AR e

»Optimized for Uranium (67% of 238U%*)

» Emission current density
170 mA/cm?

2> 156 mA @ 32 kV
556 mA @ 131 kV
20 mA in front of the RFQ
9 mA behind the RFQ

—> Improving the beam quality at
plasma extraction

- Improvement of beam transport
—> Lifetime of cathodes
- 3 Hz operation

ﬁHELMHOLTZ
F'\IR o |ASSOC|ATION E 5 ][ o

O. Kester, HB2012, Beijing, 17.09.2012



Vacuum Arc Driven Sources
B\ UV W

¥
)

VARIS (Vacuum Arc lon Source)

»Optimized for Uranium (67% of 238U%*)

» Emission current density
170 mA/cm?

> 156 mA @ 32 kV
Ty N\ 55 mA @ 131 kV
= 2§ ¥ e A\ & 2l | 20 mA in front of the RFQ
o 9 mA behind the RFQ

—> Improving the beam quality at
plasma extraction

- Improvement of beam transport
—> Lifetime of cathodes
- 3 Hz operation

Pla§ma " -
meniscus
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Beam transport > compact LEBT

Beam transport from the source
to the RFQ was designed for
several orders of magnitude lower
intensities!

- New Terminal and direct injection
- Larger acceptance of LEBT
components

Upgrade 11

\

Mucis/Mevva
Terminal

Mass

Uranium

seperation

Upgrade I

Magnetic

q

oles

Terminal

;I

Solenoids

PIG
Terminal

Switching
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ECR - lon extraction and beam transport studies

o= g BA’f‘! Ild Plasma Puller electrode
c I electrode 24 kV - .
apitrnrroamny | |7\ " 1.5kV Beam line
| f5=28B[T] (GH7) | Ext raction ' potential

) Beam born in Magnetic field !
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ECR - lon extraction and beam transport studies

simulated beam profiles Plasma  Puller electrode
electrode 24 kV 1.5 kV )
] ) Bqam line
| flat profile Hollow profile : potential
T | | |
!” : | I HH HHH ‘ HH If | | | l
Matched Mismatched
extraction extraction
O =99.18 epA CG(-1.16,150) x 10
o RMIS(622,7.67) SRR st e IR
g 10 j
E o ;
- . i
A0 =97.10 epA (%97 90) | =157.48 epA (%97.87) z
4 Mesk= (190,200, 47.00. 0000 _ in";s‘;‘ £100,200,47.00,45.00 :
x {mm) £ x(mm)
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Unique tool: transverse beam collimation channel

| % T e s s T4
Goal: Increase beam intensity into a given phase space >examples:
- NSCL - SUSI ECRIS collimation channel (M. Doleans et al.)

- Hahn Meitner Institute (ISL) ECR heavy ion injector (A. Denker et al.)

Use the channel as a tuning tool for optimized ion extraction parameters

» Set the channel at a given acceptance and optimize the beam brilliance

Current after collimation channel
.1 | (M. Doleans, MSU, 2009)

N l '/'
L AV 1"::.' .
e \f.\?""n

n ¢ I Ay
VDRI O WIS

U

oq | ===drain current =e=Ar7+at17FC

o -50 -40 -30 -20 -10 O 10 20 30 40 50
baffle position (mm)
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LINAC issues
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Status of the UNILAC Uranium-Performance

Measured Design (1999) required for FAIR

BAN\ 2% VN LR S iessli TN

23su4+

Max. Beam Intensity I, (2.2 keV/u) 16 emA 16 emA 20 emA

Inax@beam power, (1.4 MeV/u) 6.5 emA @587 kW |15 emA@1250 kW 18 emA@1500 kW

| |
Iransv. Emittance (LEBT) (90%, total) 140 =-mm-mrad 120 T-mm-mrad 120 = mm-mrad

Macropulselength  FETY 150 s 150 ps
Reproducibility/Transversal Emittance ‘14.5% ‘_ .

Beam loading, 7emA (IH2) 350 kW 590 kW (15 emA) 710 kW (18 emA)
28+

]

Max. Beam Current, (1.4 MeV/u) 6.25 emA 12.6 emA 15.0 emA

Max. Beam Intensity, 11.4 MeV/u,
Iax@beam power Transfer to the SIS18 5.7 emA@567 kW |12.6 emA@1221 kW |[15.0 emA@1453 kW

lons/100us 1.3-10" 2.8-10" 3.3-10"

73+
U

Max. Beam Intensity, 11.4 MeV/u, 2.7 emA
lonen/100us 2.3.10" 3.010"

Transv. Emittance (11.4 MeViu) (90%, tot.) ERRERnuer il 50 cmmmrad [EERney

F_\IR _ﬁHELMHOLTZ
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H-type structures for FAIR

L N

» FAIR-p-linac = 325 MHz-CH-prototype, room temperature
» ALVAREZ replacement - IH-structures (108 MHz)

.‘:

Room Temp. IH-DTL

» Prototyping of a SC
325 MHz-CH structure

@ Frankfurt sc-prototype
PR
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H-type structures and KONUS
B\ V2% TN - maE s ISl T4

e Negative synchronous phase structure: o, = -300°
drift tubes with integrated quadrupoles
S F — D I— F — D — F — D I

Focusing (longitudinal & transversal) and acceleration

e KONUS beam dynamics

LR 000 S

Lens '‘Rebuncher! Main Acceleration : Lens

separated sections of transverse and longitudinal focusing
and of acceleration
Combined 0-deg synchronous particle structure
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H-type structures and KONUS
BN . o ervetone — erwtone — aparsure N

D (sle 1500 200 2500

Trans Plane /mm

Beam Axis fcm

KONUS beam dynamics

R he R pe ks

Lens '‘Rebuncher! Main Acceleration : Lens

separated sections of transverse and longitudinal focusing
and of acceleration
Combined 0-deg synchronous particle structure
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Charge state stripper for intense heavy ion beams

C-foil stripper
8 - short lifetime at highest intensities, but
Unused foil highest charge states

gas stripper
- High intensity capabilities, but lower charge states
- Equilibrium charge state (efficiency)

‘ | i i
238U35+—>‘ | H,/He (8 m, 10torr)

before irradiation

Glowing of interaction region

N, @[up to 4500 mbar

n‘O. 13.238Uz8+

—

H. Imao et al. to be published

0.00 0.50 1.00 1.50 2.00
thickness [mg/cm?]
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Alternatives: Liquid Lithium or plasma stripper

Plasma stripper

- Need to increase the gas density — plasma
window for differential pumping

- Dense plasma channel separated by
plasma windows

Cathode & Logling

/—”“‘” /" Halder (3x) Plates
Targel ?7 B 4
| < > Beam in
F 0 % ]

Liquid Li stripper system under

7
_/ ::ﬂg.-j.mm% development at ANL

Anpde

Gan
e

Pressurized Gas Cell Fe

Liquid Li-stripper

- Challenging to established a thin
Li-film, stable with time and
controllable thickness
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MIT Plasma
window in a test
setup at BNL
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Horizontal and vertical beam brilliances

. ] 2.0 —— hor. achieved (Ar) unstripped
Reminder: —— hor. FAIR Design (U73+)

L * _ —@— ver. achieved (Ar) unstripped
Bx/y'_ (a/A)*Current / E 10 — ver. FAIR Design (U73+)
Emittance,,, <

< 1.2
» achieved UNILAC brilliances ”E 0.8
are similar 3

» horizontally we are not ok 0.4 - .47/

» vertically we are ok

0.0 T T T T T T
2002 2003 2004 2005 2006 2007 2008 2009

Year
- emittance transfer from horizontal to vertical plane should help

— transfer should preserve g, ¢,
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F'\IR o |ASSOCIATION E 5 ][ o

O. Kester, HB2012, Beijing, 17.09.2012



Emittance transfer
BN "

2.0

—@-— hor. achieved (Ar) unstripped
— hor. FAIR Design (U73+)
—@-— ver. achieved (Ar) unstripped

g —— ver. FAIR Design (U73+)
:
S 92 “"‘ P
F :ﬁ
&
g 0.8+
e
@

0.4 *

0-0 T T T T T T

2002 2003 2004 2005 2006 2007 2008

TK3QS5

||‘|5‘ @ NI NN

Year

Hy™— 3p

ripper

O
LL

St
Coil Pair

Future

Ver. Chicane

— EJ"E, = const

O. Kester, HB2012, Beijing, 17.09.2012

Emittance transfer
via Eigen Emittance
shaping

- See poster of
Chen Xiao
(MOP207)

skewed triplet

+ pepper pot
triplet PeEpPErp

TK3QD6
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Synchrotron related issues
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Requirements to conduct world class experiments

1.5 GeV/u — _\
5 X 1011 U28+

18 Tm 200 MeV/u —= \ﬁﬁ i1t 17 11t

we ]\

MeV/u 4

SIS100

SIS100 EH

A ' P : / : [/ :;
= / {7 HESR
Reference primary ~ U28* yz2s+ [ by ,, Super - FRS
. 4 s i /’
ion 71 A
4 ?-/ / APPA /

Reference energy 200 MeV/u 1.5 GeV/u

p-Bar-Target

lons per cycle 1.5E11 4E11

cycle rate (Hz) 2.7 0.5

RESR
CR

Protons from SIS-100: 29 GeV, 2x10'3, 1 bunch, 0.2 Hz

FAIR —% moss, M= == 3K -

O. Kester, HB2012, Beijing, 17.09.2012



Collective effects in the FAIR rings

B\ v V2% TN - maE s ISl T4
Incoherent space charge:

Numerical
>Tune shift models are
- Beam losses and modification of coherent effects essentiall

Impedances:

* image currents in the beam pipe - See talk of

* magnetic/resistive materials: ferrite, magnetic alloy : AL

- coherent instabilities and feedback requirements Oliver Bom.e
Frankenheim

Secondary particles: in TUO1A

electron clouds created by residual gas ionization and

secondary electron emission

—>trapping of electrons during slow extraction
two-stream instability.

In the FAIR synchrotrons SIS-18 and SIS-100 different incoherent/
coherent effects occur simultaneously.

FAIR — 7 revmes: mm == -

O. Kester, HB2012, Beijing, 17.09.2012



Long term beam loss for a intense bunched beam

Pipe i ] X
Slow halo <+—— Ifhalois too large Example of
take place SIS100: the

3 skew sext.

z
> space charge
normal quad tune-spread
.
Mlse,,  Crosses several

resonances

Mechanism

Bare tune

Lattice error or

Space Charge Structure
Resonance
Periodic crossing
of a resonance

2
Massive 1.5
benchmarking = ; L
effort : FEETEE FEEEEEE
0.5 F
- Talk of G. Franchetti .  [Measurement oy, Simulation
in session WEO1C 4.33 4.;5 4.37 4.33 4.35 4.37
x o
G. Franchetti, O. Chorniy, I. Hofmann, W. Bayer, F. Becker, P. Fo?ck T.
Giacomini,
M. Kirk, T. Mgikiteq Cy @aget, A. P# Y& PRI F oSohyett PRSTAB 1
+442634201 —
) NF-\IR | ASSOCIATION 5 ][
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Mitigation strategy
B\ without W

resonance 1881 )
compensation |

first bunch

% of particles

0]IlllllllllllllllllllllIIIIIl]
3 28 SN 75 1NN 175 18N
first bunch
i 100 ———————
compensating \
the lattice 80 F
m -
resonances % 60 _
SO
— S 40
Ongoing effort R o
; 20k N, =0375x 10"
ng - Ny=0125x 10"
—— T T T T
18 182 184 18.6 188 19 0055750 75 100 125 150
o, x10° turns

measurement and control of the tune are mandatory
- See talk of R. Singh in TUO1C ﬁ I — -
FAIR - | ASSOCIATION I= 5= 1 -
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Longitudinal effects

Bunch distribution is altered due to space
charge effects (by wake fields)

- Potential-well distortion
- lon bunch form deformation

Challenges:

» Space charge induced voltage reduction

» Bunch stability with space charge

» Control of bunch deformation by
rf-operation

Dual harmonic operation
- Increase of bucket area
- Flattened bunch profile

O. Kester, HB2012, Beijing, 17.09.2012

Undisturbed dual harmonic beam distribution

2 = 0.1: dual harmonic beam distribution

2 = 0.3: dual harmonic beam distribution

> = 0.5: dual harmonic beam distribution

2 = 1.0: dual harmonic beam distribution

- See poster of Monika
Mehler today (MOP205)
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Dynamic Vacuum effect and collimation

Projectile-Ionisation

Target-Ionisation

Q Desorption
© ' Desorbed Gas

Z o) > SN Coulomb-Scattering,

Intra-Beam-Scattering

- IR > See talk of
! lvan Strasik in WEQO3C
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Dynamic Vacuum effect and collimation

Projectile-Ionisation

.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.‘.""\".'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.‘.'.'.'.'.'.'.'G.v

A .'.'.v.v
Q @ 3 () @ [5) Q ..*...
v Seg!
@ R——————
0 ~_—9¢
(@]
? © ®
o @ °

S ()

1010 BT ST et S AR
2
-
T 0 e S OOt SO SO
2 N - S SO SO SO ST
[~
S
=]
"E 109§_U284 2001 ) S o : i Coulomb-Scattering,
Z Ho 7 a241, 5000 | - Intra-Beam-Scattering
| U, 2009 o S
| —u®2000 |~ —2>See talk of
— 739+ : i : s
. 11 |Ul l’|20|10| T T T R | | L1 1 | [ B | | L1 Ivan StraSIk In WEOBC
0 0.1 0.2 0.3 0.4 0.5
Time in s
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FAIR ‘materials’

Carbon materials for Super-FRS: In%ﬁ(ﬁtors SC magnets (SIS100)
» Mechanism of radiation damage, critical dose S V=
. . X A A Vv, ®=
> Structural and thermo-mechanical properties degradation 3 151 - v
g | l @ Protons 21 MeV
. rotons 800 MeV
InSUIatorS % 104 J i (p:ar:aon 11 MeV/u
g . Uranium 11 MeV/u
» critical dose determined > A Gold 11MeViu
. . . c
» break down voltage of insulating material 3 5. ﬁl
. L. (o] maximum voltage \;
after irradiation S %
= A
1] 0
0 B BELLALLLL BELELLLLL LR AALL BRI BELRLRLLL LR ALLL BELELALLL BN IR B |
Targets and Beam Catchers - Super-FRS 5 'ES 155 0,01 10
Dose | MGv
Production target Swelling . Hardening
e - 1 x103 U i/cm?

> Investigate radiation damage and failure
Ul mechanism of FAIR accelerators
materials

—

| irrad

1x10'2 U-i/cm?

1x1012
U-i/cm?

' [ pristine

Microhardness (GPa)

> Lifetime estimations for FAIR components

pristine

0 200 400 600 800

Scanlength/pm » Innovative materials for extreme
; ‘ conditions

- Talk of Marilena Tomut in WEO3C

! o
ermal stress "4

: fat
Temperature [*C] L Il i’“guceu\ﬂ'ﬂcu ‘*
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| did not talk about....

Dlagnostlc and XHV at hlghest |ntenS|t|es

Superconducting magnets

SIS100
and SIS300

Al block

Ti window

Target: Ni-rod (r=0.15¢cm,
| =10 cm) within graphite
cylinder(r =1 cm)

Production
100 m -targets

air cooling

= # HELMHOLTZ e
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The FAIR project is moving forward

: | : e \ :
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The FAIR project is moving forward
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The FAIR project is moving forward
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