Antiproton Chain
(Modularised Start Version)

modularized start version
pbar and RIBs SIS300

e acceleration in linac to 70 MeV

* multiturn injection into SIS18,
acceleration to 4 GeV

odinac  SIST8. Sisqgo fransfer of 4 SIS pulses to SIS100
UNIL = . SI1S100 » acceleration to 29 GeV and extraction of
g,/ - single bunch
{— / I .\ )
;/ / TN O » antiproton target and separator for
&;ﬁ //HESR 3 GeV antiprotons

* collection and pre-cooling in the
Collector Ring CR

» accumulation of up to 10'1 antiprotons
in the RESR

« transfer at 3 GeV to users (HESR, NESR)

« accumulation and storage of antiprotons
in the HESR

RESR and . .
NESR will be added » deceleration in tr;e NESR to 300-30 MeV
% HELMHOLTZ
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FNAL / CERN / FAIR pbar Sourcﬁq

FAIR is not a dedicated antiproton facility, but the antiproton mode is competitive

FNAL | CERN-AA |CERN-AAC| FAIR

proton energy 120 GeV 25 GeV 25 GeV 29 GeV

proton intensity | 8x1012/2.2s | 1.2x1013/2.4s | 1.4x10%/4.8s 2x10%1 [/ 10s

target inconel copper iridium nickel
pbar energy 8 GeV 2.7 GeV 2.7 GeV 3 GeV
ring sizes (m) 3320/505/474 628/157 628/157/187 1080/216/240
max. pbar stack 4x1012 2.8x1011 1.3x101? 1x1011
production rate 25 x101%hr 0.7 x101%hr 6 x101%/hr 3.5/7 x10%%/hr
gain AA —» AAC: cost = performance
factor of 9 reduction ???

ﬁ HELMHOLTZ
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Vacuum Issues in Antiproton Storagﬁ1 M\

CR: antiprotons are stored for 10 s,
design intensity = no instability problems
vacuum specifications are determined by ions

RESR: at low intensity (< 10'") multiple scattering dominates beam lifetime
(compared to nuclear and single scattering)

dems _ 280 2 (mec?)?

For 3 GeV pbar and 1><10 10 mbar N, = ge/ot = 0.1 mm mrad / h
can be easily compensated by cooling

according to CERN experience no serious trapping or instability
problems have to be expected for 1x10'! antiprotons

clearing electrodes will be considered during vacuum system design

beam shaking electrodes are available
(broad band kickers for BTF measurements)

ﬁ HELMHOLTZ
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Synchronicity of S.C. Electrode Movﬁ‘g&né'ﬁ

see report by F. Nolden

Main effect of asynchronous motion of electrode pairs: transverse heating
Only effective, if transverse Schottky sidebands overlap with

longitudinal Schottky signal mf (e
overlap condition longitudinal
0~ Gz <05 A\ EEN\\
p = 2mn’ 4x . m -
transverse —_— :
%p > 12;,?;, gz > 0.5 | (m+1-g)f (M)t
Overlap at upper band limit (2 GHz) o0 |——ProOtotype actuator
for antiprotons dp/p > 8.7x103 .
for RIBS 8p/p 2 3.6 X 10-4 % 40000 - ——measured position
. . © 30000 - ——reference position
= no heating for antiprotons —aeation x 10
For RIBs: ratio of Schottky noise power 3 \/A"” {\\&/6 ' deviation
longitudinal/transverse C,/C,,= 46°/B,g, ] 5] < 1.3 mm
C/C<1l/4 = [5| <5 mm time [4

coincides with ESR experience of required orbit accuracy £
” HELMHOLTZ
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The FAIR 13 Tm Storage Rings n‘jis"*ﬁ'.

Q R

L ’

from pbar target , _ from Sup}rFRS

/

b by Electron Ring

ER

==

Collector Ring

CR

stochastic
pre-cooling

FLAIR

New Experimental
Storage Ring

NESR

deceleration

of antiprotons/

ﬁ HELMHOLTZ

Accumulator Ring

RESR

accumulation
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The Collector Ring CR

Sw_0g
2 _BTUPNF8o o
= R —  — L1 =Rz
2L UsHy T8
B ad -l

Q,
Sp A
o o
e, KN
!J;;FG '\\k_ﬁ::'
Q053 Q05
DIP-13— [T (-Drp-24
04— . —Q-04
]-?".-4 - dipole magnet i
EX-KIK - quadrupole magnet )
Q-03 - sextupole magnet Q-03

e - smchusl.lc cnnl_mg p}ck—up ‘
stochastic cooling kicker IS

- rf cavity for bunch rotation .- Q-02
injection kicker magnet IN-KIK-1

Q-02
RF-CV-5-6

Q-01— ' extraction kicker magnet —Q-01
RF-CV-7-8 ; : - !imc-g‘-l‘-linc detector RS
Q-2 : - injection septum magnet B 002
RE-CV-9-10 - extraction septum magnet ]—SC-PU-1
SC-KK-3 IN-KIK-3
Q-03 Q-03
SC-KK-2 SC-PU-2
SC-KK-1 —| F—sc-pu-3
Q-04 ;- Q-04
DIP-12 — DIP-01
Q.05 Q-05
AY
\‘3\\‘01\ D’ﬁ.m
i 8

circumference 216 m

magnetic bending power 13 Tm

large acceptance g, , = 240 (200) mm mrad
Aplp =+ 3.0 (1.5) %

fast stochastic cooling (1-2 GHz)
of antiprotons (10 s) and
rare isotope beams (1.5 s)

fast bunch rotation at h=1
with rf voltage 100/200 kV
adiabatic debunching

optimized ring lattice (slip factor)
for proper mixing
large acceptance magnet system

upgrade of rf voltage by a factor of 2
and additional cooling system 2-4 GHz
should reduce the cooling time (factor 2)

ﬁ HELMHOLTZ
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- quadrupole magnet

- sextupole magnet
SC-PU - stochastic cooling pick-up
SC-KK - stochastic cooling kicker
RF-CV - rfcavity for bunch rotation
II\ KIK - injection kicker magnet

- extraction kicker magnet
- time-of-line detector
- injection septum magnet
- extraction septum magnet

i Es

Q03

—1s
— Q-02
g IN-KIK-1
—Q-01

IN-KIK-2
- Q02
SC-PU-1
IN-KIK-3
—Q-03

— SC-PU2
——S$C-PU-3

Q-04

— DIp-01

210

yas[mm] xeslmml

antiprotons
Q,= 4.26, Q= 4.84
Y = 3.85

ora

n=-0.0107

RIBs (coolinq)
Q,=3.19, Q= 3.71
Y = 2.82

n=+0.186

isochronous
Q,= 2.23, Qy= 4.64
1 v,=1.84

n=20

079

but Isochronous Mass Spectrometry can be

performed with RIBs from/S

M. Steck. FAIR-MAC meetina. GSI|.
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Simulation of Bunch Rotation in CR @f

rf voltage bunch rotation debunching

u [sec] Exergy (V] a1 000000040 [s]

taren Hat* 034 T T T T “Emmance car u 34
100000 [——— 1 100000 |

Time=0 Fec w0 —HBG0-tgrn Firme=t353
0 turn| .- | 1

- [100 kV after injection

10
] 211 T = % ra R = 0
2 o8 0 22 S
conen | 1300 turns I | =3 ; -
i < % e 7 =
2 L 7 1
M -1 . —T" -1
40000 | 1700 turns f ea000 | J = e
1% . . »
E 150 "
20000 - 1 20000 H 4 4 a2 o a2 04 = aa Y
T [psec
1 e
oz 150
1 100 b TS
y

veky

et
E [M |
VW]
E [M |
VK]

FF eitage

I #p tasfec] Energy [¢V] at 379950

B |
E_
2
2

ang oos ane 0o oos
Timaisec) Fmes akoe of Dpip

Time (sec) Time (sec)

AE [MeVin]

V [kV)

longit. emittance = Momentum spread

“Emmanco St u 3 ——

“Ehiranca dalt 037 * . . {0 1w
- e e 15
s ]
f’\\_ *-___- | . 7 3e-2 = 14 ) o 02 0.4 e o 04 0z o az 04 "
180 d Qs [ 1 T [msec] t [usec]
£ tau fsee) Energy feV) 9759500604 ) Cooking Fp s fee] Encrgy [6V] 007430000002 [s] Conding
i | : = LSt 2000 15
/\ 90 : J 2*45e-3 ] w300 tullns_ B W 815 L= 1 P = | HD0000 turns | Time=7 45e-0 gec »
. E ‘ 10 — 0

_ o Y e £
= - — =
= — [ I C ] = —
- _L/\/ ] 2 — o« Z z - : - - e i z
Th— = = = : :
o 7 1w a4 = S0
L -1
Jm w00

- o Opp

Lomgiuding Fima Emitiance [, s

[k
I

VOIK

L L L L L L
o0 [T oo a0 o0 [ EY:

Tima sec)

Timojzac)

(rms-values)

bunch rotation after injection of the short bunch (for both pbars and RIBs)

reduces the momentum spread = reduction of cooling time
ﬁHELMHOLTZ
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Simulation of Stochastic Cooling mft

120

P iE longitudinal stochastic cooling system
100 - article "PsiQ000.dat" u 1:2 i
p- - - Time=0 (pink).2(b|ye}.5(gr‘een} ) band 1 =gy 2 GHZ
80 - dlStI’IbUtIOﬂ and 10 sec(red) E
e temperature 40 K

 notch filter cooling

' « gain 150 db

A '  power 1.2 kW (installed 5 - 10 kW)
o - electrode impedance 100 Q

298 800 30  plunging electrodes
Energy (GeV)

Particle Density (feV)

00025 ' ! ' *AverageSigma. tlim'u 25— 1200 ' ' ! Aﬁ\é;e:rl;gg%ﬁ_ln;:gg?t:‘ugag —
momentum spread (rms) - rf power (W)
1150
£ oomts b z
S
3 & 100
2
]2_. 0.001 3 Red:Thermal Power
= Green: Total Power
1050 |-
0.0005
0 s ‘ s s 1000 . s ‘ .
0 2 4 [} 8 10 0 2 4 g 8 10
Time (gec) Time (sec)

Time (sec)

G _ e s 2L FAIR

Time (sec)
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The Accumulator

o
DIF-13 DIP - dipole magnet
Q - gquadrupole magnet
SEX sextupole magnet
L\ SEP - ex]raxﬁou septum
mjection septun
e‘m'aclion kicker
- injection Kicker
- stochastic cooling pick-up
- stochastic cooling kicker

maximum intensity: 1x101
cooled beam emittance moderate
g,=¢,=5 mm mrad (AA: 2 mm mrad)

=

Ring RESR w? _.:ar

circumference 240 m
magnetic bending power 13 Tm
tunes Q,/Q, 2.57/4.45
momentum acceptance +1.0%
transverse accept. h/'v 25 mm mrad
transition energy 25-64

accumulation of antiprotons
by a combination of rf and
stochastic cooling

max. accumulation rate 3.5 (7)x1019h
max. stack intensity ~1 x 1011

additional mode:

fast deceleration of RIBs (antiprotons)
to a minimum energy of 100 MeV/u

for injection into NESR (ER)

for collider mode experiments

\ vacuum (bakeable):
p < 1x10-1° mbar

(ﬁ HELMHOLTZ
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Antiproton Accumulation in RESR

Ap/p =+ 0.8 %

—— .,
N o i deposit

stack stack accumulation injection

core tail pick—up orbit

core cooling 2-4 GHz tail cooling 1-2 GHz G.,ﬂmmks,em{ﬂ;&&%
Iongitudinal |0ngitudina| extrkicker ¥ inj Jicker
horizontal
vertical

injection of 1x108 antiprotons every 10 s Hor
pre-cooling in CR provides o

6p/p = 1X10'3, 8X y: 5 mm mrad pick-up ‘)Q.G S— AD’DJ extrkicker
’ (T ey —
maximum stack intensity: 1x10! antiprotons =~ <"  ems<—

pre-cooling after injection considered as an option

ﬁ HELMHOLTZ
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RESR Stochastic Accumulation @#t

il | Tail 2 Core | Core 2 290 mm (right core electrodes)
Injected Beam Deposit Beam Stacked Beam 230 mm (left core electrodes)
C) C) ( - 202 mm (auxiliary. tail electrodes)
—— — —_— — .
<180 mm (tail electrodes)
11111 35 mm 42 mm 35 mm ‘
°°°°° - simulation code by!!2mm PR )
/_l_‘—l ’_
0 mm
ooooo L T. Katayama -
I Particle distribution after 1000 stacking 20 ‘ 140 80 40 | Ar(mm)
T 114‘ 40 22.8 11.4| AE(MeV)
of £ 3 g o<
c & 3
S a 8
ok 3 8 o
T 3 c
L Beam Energy (eV): . . .
2.91 777777 2.98‘64—09 2.98;64—09 2.99‘&1—09 2.995;&-‘-09 B-ELOS 3.00¢ bas I c e I ectrode g eo m etry Is flxed

Energy (eV)

space for electrodes is available

system was simulated with two independent programs system parameters

-t CERN code BE cooling circuit taill tails core
| gml\lj?ﬁots%/om . | frequency 1-2GHz | 1-2GHz | 2-4GHz
pick-ups/kicker 64/16 25/16 64/16
length pu/kicker | 1.45/1.16m | 0.58/1.16 | 0.73/0.58
_ power 100-1000 W | 0.06-1.2 W 0.2W
A e gain 130-140 dB | 84-106 dB 90 dB

optimized for cycle time 10 s and maximum intensity 1x10'! antiprotons
ﬁ HeLmnoLtz e WO P - F_\IR
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Problems of a Combined Ring || & « =

Studies following a recommendation in the last MAC summary
and forced by political and financial constraints
for the modularized FAIR Start Version

* bunch rotation difficult, heating of the accumulated stack

* interference between stack and injected beam
because of small separation of injection and stack orbit

» stochastic cooling system must be developed from scratch
(separate systems for pre-cooling and accumulation)

= upgrade for full FAIR project must be possible

= operation with RIBs (pre-cooling, isochronous mode)

HELMHOLT _ _
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1
Bunch Rotation in Combined R\H&

Bunch rotation voltage will strongly

interfere with the circulating stack momentum offset 1 %

#p rtmulsec] Emergy [eV] a1 057200e-03 [5] Ceolmg

= Heating of stack o
energy 3 GeV .
ring slip factor n=0.05 ol , ‘ 1, -
- - T [pZeo] ” CIF T [usee]

ring circumference 216 m momentum offset 39,

Ep tan[sec] Energy [2V] ar 0.000000e+00 [5] #p taulzec] Enerpy [#V] at 1.087200=-03 [s] Coeling

incoming bunch ° | | |
spreadAp/p =+0.75% ~ 2 ’ T
length +25 ns = T e | " LE
rf amplitude 20 kV S I e & B
T T R A sedd g

initially
ﬁ HELMHOLTZ
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Antiproton Accumulator (AA) Ia%&#t'?f’ﬂ_f

Model for a machine which combines pre-cooling and accumulation

: ” n . \ [ —|

L 5 : : ==

— < AC from loen 2 -z- 0 gEN =] Circumference 156.5m
\’j QDN \""‘" = I:-E-‘-'ﬁ'" . Max Rigidity 12 Tm

P 4 orvige N Rev. frequency 1.85 MHz
) AN %y% <~ \s Rev.period 540 ns
Yansw, Lot rupe IR P 1 2 amgs-  Qy 2.26

. Da T e e Transition energy v, 2.4
(] i S =851 Slip factor -0.106
_omw’ \ ) P N
- este (| PRECO0LIG pU 1y, 000G K L. M Momentum acceptance 6%

| [ Transverse acceptance 100 mm mrad

Details of u:ri?;lhtz 1

see nsart 3l
—A N
Al eeae{ el :I\‘ UN

!
W AnrThMLS [ ! !
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A Injkickesy ' g ' ' @ 'm

dp/p=+2.59 ' l ’ ‘ ' ‘

dp/p=+1 %

. ||

¢

| P
0. path length [mm)]

the other half is reserved for stacking a high intensity antiproton beam

A ||

1 s s L L 1 : :
78256,

/f'HELMHOLTZ
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AA Components from KEK @11 —’: 4
0

1

|
L

%.

_"-'_#

4 The AA magnets were considered
| to be used for FAIR,

4l presently stored at KEK are:
A all dipole magnets,
all quadrupole magnets
In addition:
some magnet vacuum chambers
some kicker components

ﬁ HELMHOLTZ
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Injection / extraction in AA

extr.septum

From separators Nﬁiﬁi‘b to NESR

\ Inj. kickers
Extrkicker

Extr kicker

to HESR

extr.septum

If# HELMHOLTZ
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Stochastic Cooling System of A‘Q ? I'”_"_.

extr.septum inj.septum

From separators \\:—L Eé,//

H+V

to NESR

pre-cooling
on injection orbit
0.8-2.4 GHz

Stack-tail cooling
0.15-0.5/0.9 - 1.65 GHz

Stack-core cooling
dp:1-2/1-4GHz
Hor: 2 -8 GHz

‘ dp - precooling Ver: 2 — 8 GHa

74 4

no space for extraction components

# ez g meg I - FAIR
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CR with AA arcs (CAR=CR+AA) \‘ :? L2

o

Ii;.

8 new quadrupole magnets are needed to have 2 long straight sections

Circumference

Max Rigidity

Qx/Qy

Transition energy v,
Momentm slip factor

Momentum acceptance 6%

Transverse acceptance:
Horizontal: 240 mm mrad
Vertical: 200 mm mrad

from separators to the NESR

206.16 m
12 Tm
3.27/3.27
2.94
-0.051

exftr.septum

extr.kicker

// EFextr. septum
to the HESR

extraction to HESR

G oo _ i s 3L FAIR
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Isochronous Mode in CAR

from separators — ___tothe NESR

/p,__—qﬂg * in linear optics isochronous mode is feasible

e large dispersion (over 20 m) allows the use
of sextupoles of moderate strength

e big uncertainty:
field quality of AA magnets
higher order field contributions
field level dependence

LA/
o

tothe HESR —

. "u‘.
\ " ’ \ \ o
1 I A ’ A \ ]
1
I \ \ I 1)

fot’ 1XAL | B D Ll | 8Nt 14

path length [m] L
ﬁHELMHOLTZ
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Specific AA problems for Use in E}qﬂﬁ;” -

reduced magnetic rigidity
reduced antiproton production rate
reduced energy for RIB operation

magnetic system was designed and optimized for fixed magnetic rigidity
Issue of field quality at variable bending power
higher order corrections for isochronous mode
(no field data available = field measurements as basis for corrections)

long term reliability

extension of FAIR facility to full size

, ap'l\m |
/ TN
_t f7 V" \ Q\ CAR in collector ring mode
| \ L\. | Acceptances: A,= 240 mm mrad
P & g 1y PN WPEN A,= 200 mm mrad
~J= B 5 Ap/p= 143 %

patt length [mm] 103081

ﬁ HELMHOLTZ
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T f .da
Options for Antiproton Production 'withpg_,tf:;?EgRﬁ_.

g

1) CR as combined ring
= add accumulation in CR

2) RESR as combined ring
= increase acceptance and add stochastic pre-cooling

3) Accumulation of CR beam in HESR
= provide accumulation in HESR

4) Use of AA components for CAR
= design combined ring including AA existing magnets

5) New AA-Type ring
= design new ring (from scratch)

EEEEEEEEEEEE
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RESR as Combined Ring JQ 94 G

 small acceptance for injected beam
horizontal and vertical acceptance: 25 mm mrad
momentum acceptance Ap/p<+0.5%
= acceptance reduction (compared to CR): factor 60

« pre-cooling system on injection orbit must be installed
from the beginning

 redesign of injection, height difference to pbar separator
 pre-cooling of RIBs, not yet studied

» isochronous mode difficult, not yet studied

M. Steck. EFAIR-MAC meetina GSI. 11t"Februarv2010 @ | GEMEINSCHAFT
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CR as Combined Ring {1";9 v'g

even with reduced acceptance and without bunch rotation
(strong intensity reduction)
accumulation in the present CR seems to be impossible

longitudinal accumulation:
no space in straight section with dispersion
(for the installation of the accumulation system)

barrier bucket accumulation:

cooling time increases due to larger momentum spread

cooling time will also increase during accumulation

(cooling time proportional to stored antiproton number, if N > 1019)
feedback, instabilities

fast rise and fall time is difficult for full aperture kicker

stochastic stacking system will obstruct rare isotope beams,
both in cooling and isochronous mode

ﬁ HELMHOLTZ
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Accumulation of CR beam in Hiﬁq

everything stays as planned (CR design is very advanced)
RESR can be added later

questions and problems:

no extraction from CR to HESR on the western straight

beam lifetime in HESR
reduced duty cycle (luminosity) of HESR

reduction of beam emittance from CR and of pre-cooling time
in CR would improve performance and increase luminosity
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Modification of CR Extraction W"

CR version 66 CR version 67
extraction to RESR from eastern straight extraction to HESR from western straight
T, VAR v v
g E 5 & 5 |1 ' ¢ SEkickers 2 ,;
I g | 7 3 3
g @ ! I @
i o~ 1 // |
: ,* cooling !
| / H
:cooling , e lines :
r 1 lines :
3 I ’ I 2
L) !
g es S.('-k:uk!m / ’ .w-l ick-ups REF-cavities . 2
FEEEEE e i S Ses N R —

TOF-1 ke RESR (HESR)

new extraction

ring circumference and basic magnetic structure remain unchanged

rearrangement of injection/extraction kickers, stochastic cooling system, rf cavities
combined (bipolar) injection/extraction kicker

later: also RESR must be rotated (mainly for injection)
ﬁ ewmboltz I ICR P - F_\IR
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Optimization of Injection Sectio i

e injected beam from separator
—== ff—':{::-":;::\?_:_L _ Inj. septum lnjccti013 kickers

. Extraction kicker
e —— - .
. B e e — — | —
circulating beam i % :i Ty

narrow quad.

narrow quad. wide quad.

wide quad.
N

TR, Minor changes of the arcs
0, and some modifications of
ring magnets
(quadrupoles, septum)

H.(.'.fk‘ic kers

Inj. kickers

IS - injection septum

‘
\ Change of injection point

[ & provides space for

; ® stochastic cooling kicker,

o = but requires bipolar
*’“1"“”’” ;  kicker modules for

antiproton operation
¢,
Pege

0% Extraction can be used for
e transfer to HESR or RESR

S.C.-pick-ups RF-cayities

D!— ES -extraction septum

Qagy

1o the RESR (HESR) )
/A HELMHOLTZ _ E E _
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Next Steps towards CR Version@?@ Fei’i’.f

e final ion optical design
Injection /extraction, optimum lattice for cooling

e technical design of CR components
allocation and rearrangement of components

e optimize beam parameters for HESR accumulation

 redesign of RESR (common tunnel and technical building)
Injection, technical design

barrier bucket accumulation with stochastic cooling will be
tested in the ESR (proof of principle, code benchmarking)
ESR test scheduled in July
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Expected Reduction of Luminotlijﬂ' 'a;"“-

o] L]

. i

o

assumption: 2 x 1013 protons in 50 ns bunch from SIS100 (rep. rate 10 [5] s)

no modification of target and separator
compared to RESR accumulation of 1x10'! antiprotons after 10000 s (3.6 x 10%%hr)

HESR: luminosity reduced by factor intensity up to 101°?

CAR:

RESR:

same production cycle, but intensity limited and duty cycle reduced
reduction of production time 2-3, reduction of measuring time 2
finally: RESR will be added

luminosity reduced by factor intensity up to 10"
reduced acceptance = reduced Intensity by a factor of 12-23 (simulation)
no bunch rotation, lower Bp (12 Tm)

finally: new pre-cooling or accumulator ring

luminosity reduced by factor |> 60 (30)]intensity up to 10"
reduced acceptance = reduced intensity by a factor of 60

no bunch rotation, isochronous mode unclear

finally: CR will be added

new AA: luminosity reduced by factor intensity up to 10"

maybe a factor of 2-3 better than CAR
finally: CR will be added

ﬁ HELMHOLTZ
M. Steck. FAIR-MAC meetina. GSI. 11" Eebruarv 2010 | GEMEINSCHAFT I=5=1- F'\IR




