Antiproton Production at FAIR ,11}:? i,;-;'gf;_

basic requirements:

HESR experiments:
stored antiprotons in the energy range 0.8 - 14 GeV
study of pbar-p interaction with internal hydrogen target
maximum luminosity L = 2 x 1032 cm= s
with total cross section ,,,= 70 mbarn

= consumption rate 1.4 x 107 s’
energy resolution 10> = cooling in HESR

low energy antiprotons after NESR:
extracted (slow, fast) antiprotons down to 30 MeV
use fraction (10 - 20 %) of produced antiprotons

goal: overall production rate 2 (1) x 107 st
GSIL——
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The FAIR Accelerator Facility

SIS300

existing GSI

proton
linac SIS18

SIS100

FAIR

o

high intensity proton bunch
after acceleration in p-linac,
SIS18 and SIS100

conversion in pbar target

cooling and accumulation
In CR/RESR complex

Experiments: PANDA in HESR, FLAIR after NESR
=51
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’Antiproton Chalin ,.,r {/

T a | |

. acceleration in IiLnac to 70 MeV
SIS300 - multiturn injection into SIS18, acceleration to 4 GeV
* transfer of 4 SIS pulses to SIS100
« acceleration to 29 GeV and extraction of single bunch

SIS100 - antiproton target and separator for 3 GeV antiprotons
SI1S100

_ SIS18
p-linac SIS18

* collection and pre-cooling in the Collector Ring CR
« accumulation of up to 10 antiprotons in RESR
 transfer at 3 GeV to users (HESR and NESR)

Y\ _,_ y * storage of antiprotons in the HESR (0,8 - 14 GeV)
“ / // ) - deceleration in the NESR to 300-30 MeV
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FNAL / CERN / FAIR pbar Sourcﬁg e

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 | 1.4x10'3/4.8s 2x1013/ 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
production rate 25 x101%hr 0.7 x10'%hr 6 x101%hr 3.5/7 x10'%hr
max. pbar stack 4x1012 2.8x101 1.3x1012 1x101
=51
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Proton Beam Parameters AR

p-linac SIS18 SIS100
output energy 70 MeV 4 GeV 29 GeV
output Bp 1.23 Tm 16.2 Tm 100 Tm
momentum 3 P 4 i
spread 8p/p 1.0 x 10 (extr.) 1.0 x 103 (inj.) 1.2 x 104 (inj.) (26-
values)
horiz. emittance 6 um (extr.) 150 pm (inj.) 13 um (inj.)
vertic. . .
emittance 6 um (extr.) 50 um (inj.) 4 um (inj.)
tune shift at inj. 0.50 0.04
cycle time 40 ps (2.7 Hz) 0.37 s 2.3s
requirement for antiproton production:
single bunch (shorter than 50 ns) of 29 GeV protons
==
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Antiproton Beam Parameters

fixed ener bar Target /
i . . CR RESR
3 GeV separator
task production pre-cooling accumulation
number of 2 x 108/cycle

4 x 108/cycle 2.8 x 108/cycle

antiprotons (inj.) stack: 108-1011

+ 30
momentum +3 % 1 x 1073 <5 x 104
spread op/p (homogeneous) (25-
values
horiz. emittance 240 um S5 um 1 pm . )
(after core cooling)
: : 1 um
vertic. emittance 240 um S um .
(after core cooling)
cycle time
Y 10s 10s 10 - 10000 s
(after upgrade) (5s) (5s)

RESR will provide a variable number of antiprotons to HESR and/or NESR
IS
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Potential Losses during Antiproton Accu{ﬁl?tlg

CR:

particles outside kicker flat top < 5%
bunch rotation and debunching <10 %
stochastic cooling (6D) <10 %
rebunching and transfer to RESR < 5%
RESR:

stacking losses <20-50 % ?

(heating by injection kicker, diffusion by rf, rf acceleration, beam feedback)

-

nlr\l l’\ nln'l-nr\'l'r\ < 0/~
CuUu 111 IU TALIAQULIUI — 70

ng a
The RESR should be able to accumulate 1 x 107 antiprotons/s reliably
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Proton Linac

The new proton linac is needed to fill SIS18 with protons to the space charge limit

Re-Buncher to = SIS18
Source LEBT RFQ CH-DTL
E "to Dump
95 keV 3 MeV Diagnostic 70 MeV
insertion
collaboration with:  University of Frankfurt
CEA/Saclay, IN2P3, GANIL Energy 70 MeV
- ECR proton source & LEBT ST ({pein) £
Design current 70 mA
* RFQ
Beam pulse length 36 Us
* 2 re-bunchers Repetition rate 4 Hz
« 2* 6 accelerating cavities Rf-frequency 325.224 MHz
* 5 MW of beam Ioading (peak), 720 W (ave.) Norm. horiz. emit. 2.1/4.2 ym
« 11 MW of total rf-power (peak), 5 kW (ave.) Tot. mom. spread <+103
- 2 dipoles, 46 quadrupoles, 7 steerers Linac length =35m

* 10 turbo pumps, 34 ion pumps, 9 sector valves

* 41 beam diagnostic devices
==
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SIS 100

RF Acceleration

l L2
r'
[ 1.1-2.7 MHz
_ K Injection L - : —
circumference 1080 m i i
acceleration cavity h=10
=== 1
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Rf Manipulations in SIS100 ‘”:? R

= Stacking at 4 GeV
(4 bunches — 10 rf buckets)

» Single bunch generation by batch
compression
(1 bunch — 10 rf buckets)

= Acceleration to 29 GeV and extraction
(1 bunch — 10 rf buckets)

synchrotron frequency for rf manipulations
at high gamma too low = takes too long

standard scheme for single bunch
generation and compression not applicable
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Antiproton Target - Choice of Ma\’i

production rate of antiprotons

. temperature of target
primary beam 29 GeV protons P J

Fluka simulation, 2*10" protons
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nickel is superior with respect to strong focusing and thermal heating
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=
Focusing of Antiprotons by I\/Iagneﬁlﬁ’

150
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Antiproton Separator

designed for large acceptance, chromaticity correction . %mw s )
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The FAIR 13 Tm Storage Rings

from pbar target | _from Sup/ngRS

/|
i Electron Ring
) ER
S (AIC)
Collector Ring & _ .
CR |\ (i)
stochastic \ e .
18 pre-cooling j d FLAIR
L i ) New Experimental 1}
e, gf Storage Ring
-y : "_, )
e NESR
Accumulator Ring deceleration
RESR ; of antiprotons
accumulation .
===l
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circumference 216 m
‘ magnetic bending power 13 Tm
é} R large acceptance g, , = 240 (200) mm mrad

G,
SZy "---'Q‘\,I.f,‘.\ Ap/p =+ 30 (15) %
ag(z ' H%‘\’;‘ﬁ
e o fast stochastic cooling (1-2 GHz)
2 DIP . g L of antiprotons (10 s) and
EX-KIK Q - quadrupole magnet e .
R T e rare isotope beams (1.5 s)
RF'W'I:' | SC-KK Astl?cha;licvcoolin; kicker jg[fm _
itk 1 INKIK - njection kicker magnet e fast bunch rotation at h=1
wers TOF - me-ofiine detedtor o with rf voltage 100/200 kV
_ IS - injection septum magne : .02 . . .
RF-C\«’-‘}(-)|32_ g ES -C)-illralclion sg;rum mign::l . .‘?C-I-'U-I adlabatlc debunChlng
SC-KK-3 — — IN-KIK-3
Q-03—1% [ —Q03 = . . . . .
(Q Q optimized ring lattice (slip factor)
DIP-12 —{] ~ DIP-01 for proper mixing
Q-05 —W .
ey g large acceptance magnet system
Q‘;\;}"\ -. P .;;3?-56‘0‘)
Q i

o~ ‘1 upgrade of rf voltage by a factor of 2

0, S and additional cooling system 2-4 GHz
“I% fyoseszert U7 should reduce the cooling time (factor 2)
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Q - quadrupole magnet
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RF-CV - rf cavity for bunch rotation Q0
IN-KIK - injection kicker magnet =~ IN-KIK-1
EX-KIK - extraction kicker magnet ~Q-01
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Fast bunch rotation of bunch from SIS100
to provide optimum initial parameters

for stochastic cooling
total rf voltage 100 kV at h=1 reduces

the momentum spread (x 3.0 - £ 0.5 %)
after passage of production target

antiproton bunch after target

+3.0% == bunch rotation

,,,,,,,,,,,,,

50 ns L

| adiabatic debunching

after bunch rotation and -JE—— +0.5%
debunching in CR

bunch rotation cavity
filled with magnetic alloy
(S1S18 bunch compressor)

length 1 m

voltage 20 kV (40 kV)
frequency 1.38 (1.18) MHz
rotation time ~ 1 ms (0.1 ms)
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Simulation of Stochastic Cooling infﬁ?

4 L

e

R 1hed
!1_ %
0, & -

-

. = e longitudinal stochastic cooling system
100 | partlcle | | PSI0000.dat’ u 1 | d
[ distribution | ™o N
e temperature 40 K
- notch filter cooling
e gain 150 db
N E— o e e power 1.2 kW
. .  electrode impedance 100 Q
2.98 3.00 3.02
Energy (GeV)
0.0025 P 1200 T T T "--Avemgcepigma.'dqlt'u_2:9 —
momentum spread (rms) - | rfpower (W)
é 0.0045 %
; % 1100 |
E % Red: Thermal Power
s Green: Total Power
10 10007 : ; : : 10
Time (sec) Time (sec)
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CR Stochastic Cooling Electrodes

1.0

Fast Stochastic Pre-cooling flatness of s
system band width 1-2 GHz S

matched to velocities = 0.83 - 0.97
rf power ~ 1-2 kW per system

bridge: 0.2mm, microstrip open:

0.2 equiy, = meas. 10mm \‘\ g
and g g B
electrode phase _
prototype s
N s 2l
(slotline type) il L | T==y
075 1.00 125 150 175 2.00 225
f [GHz]
Square root of longitudinal impedance {circuit convention,
: beta=0.97 and valid at centre of chamber with half aperture 53 mm)
front side increase of - |
Impedance "’é;”e o
X mm air gap "=
) (factor of 4) 60 o 92 mm horizontal T 7]
back side 7 T

g
&
.
=
I
d
/
L

CERNAC, band 1

a0 - 58 mm horizontal

1.6 1.3

1.2 1.4
Frequency [GHz]

analysis by L. Thorndahl
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CR Stochastic Cooling

vacuum tank

with actuators for electrode movement

including cold heads (20 K) and
cooled pre-amplifiers (option)

mounting
flange

P

N ,“.
.
g

4

113 b
=

Il |

ALOSBOSTIWE gyt A0 boad v
combinars or hybrids bsam simulaton  optienal Ampifer
] . . =T

electrodes (and pre-amplifiers)

Installed in the vacuum tank
cooled to 20 K

contact ping miled pick-up frame
and sockats  (verlical movabla)

2 tin)
LN N 4 s
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| — —_— anterna for_|——*

|] [ beam smuation El | 4105 bosrdwin
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] L y . :
1B g' " RF
- ”*'é 5 Feedthrough
e [l I‘
. - ' H
- |
| :

vacuum tank for moving cold electrodes

v .;‘ e == | 'ﬂ - m
1’1’ ? I—'-::___ = ‘

A T

programmable
linear actuator

Prototype devel t rted by EUFPG desi tud |
rototype development supported by €sign stuay ==

M. Steck, FAIR-MAC meeting, GSI, 1stJuly 2009



Closed orbit correction

COD-vl§ COD-hl

COD-h2 COD-vl

COD-v17 .\ COD-v2
COD-v16 O 1 = = =3 { 4
% BPM-17  BPM-I8 BPM-1  BPM-2 D'V3
S BPM-16 BPM-3 @
COD-vl5 < S
\ . ‘ COD-v4
// Number of vertical correctors 18 BPM.4 W
’ BPM-15 Number of horizontal correctors 24 + 4 ‘
. Each dipole magnet has variable field within +002T
. Number of monitors BPM (h/v) 18
I deflecti I d COD-v5
BPM-14 Max. deflection angle +2.0 mra BPM.5 |
COD-v14 Max. mag. field of correctors 0.09T .'
Eff. Length 0.3 m X
i Good field region 380 x 160 mm?2 I
BPM-13 BPM-6
“_ Field quality +5x10-3 .
COD-v13 ’ BPM-7 , COD-v6
‘ BPM-12 \ .
BPM-11 BPM-10 BPM-9  BPM-8
@ \ COD-v7
COD-v12 ~ T T TR W — —

COD-vll1

/

COD-v8

COD-vl0 COD-h4 COD-h3 COD-v9



¥ - ";';_.“ 'H.rqi
Closed orbit correction U

antiproton operation mode

alignments errors used in tracking studies (10)

Statistics for horiz. uncorrected/corrected closed orbits
Element AX AY AZ Roll
A N initia ak-neak orbit vs 9 Not used Peak-peak values
Distribution of initial peak-peak orbit values Choose T I Ahsﬂlu:‘e S } [mm] [mm] [mm] [mrad]
{Global statistics for whole orhil .
S Total no. of orbits in sample 100 DlpOle 0.2 0.2 0.5 0.5
No. of correction failures 0
Quadrupole 0.2 0.2 0.3 0.5
ARk Mazx. initial peak-peak [m] 0.136740
¥ .:];510.;::, Average initial peak-peak [m] 0.061302 SeXtUPOIe 0'2 0'2 0'3 0'5
RMS initial peak-peak [m] 0.026201
Max. final peak-peak [m] 0.008302
Average final peak-peak [m] 0.004788 . .
s et e e o Closed orbit excursions
No. per bin
prnt Before correction After correction
Writ
Peak-peak
A hor ver hor ver
AC,,. [mm] 30 46 1.8 4.0
AC, erage [Mm] 12 18 1.2 2.3

proper orbit control will be crucial for optimum stochastic cooling
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The Accumulator Ring RESR

- dipole magnet
- quadrupole magnet
- sextupole magnet
- extraxtion septum -
- injection septum Q01 M
- extraction kicker
- injection kicker RF-cavity
- stochastic cooling pick-up
E-COOL SC-KI - stochastic cooling kicker

E-COOL - electron cooling

RF-cavity - rf-cavity

| Ha l ,I' ¥

U s o
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 25-6.4

accumulation of antiprotons
by a combination of rf and

stochastic cooling
max. accumulation rate 3.5 (7)x101%/h
max. stack intensity ~1 x 10!

additional mode;:

fact Aaralaratinn nf RDIRce (antinrntnnc)
ITCAOL UL UUIVUICQALIVIILI VIl INITDLDO \ull |H|ULU||Q}

to a minimum energy of 100 MeV/u

for injection into NESR (ER)
for collider mode experiments

~—+
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RESR Dynamic Aperture Calculﬁ’t

Qx

=3.11, Q, =4.12

field
errors

Harmonic order 2 3 4 5 6 8 9 10
Dipole 0 0.12 0 -0.016 0.0 0.017 0 -0.001 0
Quadrupole 0 4.0 2.8 3.0 14.0 1.8 2.5 1.0 2.0
Sextupole 0 0 0 0 0 0 0 6.0 0

Ap/p =0 Aplp=-1% Aplp=+1%

8 J M. ' . ring acceptance o
ring acceptance
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Frequency Map Analysis calculated with PTC code (MAD)
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Antiproton Accumulation in RESR

) Ap/lp=20.8%
X X

c t *d :Kli
g — : s rf
W T s
“stack stack accumulation injec::ticm
core tail pick—up orbit
core cooling 2-4 GHz  tail cooling 1-2 GHz T st

longitudinal longitudinal exrkicker ¥
horizontal
vertical

Hor

injection of 1x108 antiprotons every 10 s
pre-cooling in CR provides o
Sp/p = 1x1073, &, = 5 mm mrad y‘*@_@
maximum stack intensity: 1x10"" antiprotons o omEsre—
pre-cooling after injection considered as an option
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Accumulation System for RESR J

Longitudinal stochastic cooling system: tail and core coollng

Tail | Tail 2 Core | Core2 )
In‘ected Beam De?omt Beam Stacked Beam
1eYos—A L - - > < >
i 35 mm 42 mm 35 mm
100000 :— | 12 mm
10000 |- electrodes:
| Particle distribution after 1000 stacking loop couplers
1000 |- or Faltin-type
100 :—
10 :—
I Beam Energy (E:V)

1
2.975e+09

2.98e+09 2.985=+09 = 99&+D‘9 =2 9953+C}9

Energy (V)

Se+09

S.00]
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Distribution of Antiproton Stack .

Density (feV)
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an adjustable antiproton number will be captured from the core for extraction
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"Alternative  Accumulation Syst?‘

pick-up geometry

D. Md6hl, L Thorndahl (CERN)

290 mm (right core electrodes) 10
F
230 mm (left core electrodes)
202 mm (auxiliary. tail electrodes)
180 mm_(tail electrodes)
- o
| 40 | . N
l 40 mm | | 20| | 20
40 140 80 40 | Ar(mm)
11.4 40 22.8 11.4| AE(MeV)
E 3 E 5 £
= 5 (&)
3 c o 5 4]
s 2 = o 3
© (&) U) —
a 2 by
Q £ o
3 o
< <

log(dN/dE)

4.5 |

re

ER

2,5

1.5 F

R

108 antiprotons injected every 10 s

Power
tail ~ 100 W
core~0.1W 1000

100

Se+0E 1e+07 1,5e+07 2e+07 2.5e+07 Ze 07 3,5e+07 4x107

64 pick-up and 16 kicker electrodes
for core and tail cooling system

M. Steck, FAIR-MAC meeting, GSI, 1stJuly 2009



!. I f
Civil Construction of CR/RESR-C{%&&, j.

Technical building Ring Tunnel

to HES ,

from
pbar target

~ from

Super FRS
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RESR Antiproton Accumulation ' J;ﬁ'.,j&
'UJ{, LMY

* ring lattice is designed for longitudinal antiproton accumulation
* flexibility in the tuning of the ring optics

* basic cooling system design is available

» proposal to use electrodes of Faltin type

* details need to be optimized

e cooling/accumulation time of 10 s is reasonable

* No serious limitation by beam feedback or IBS (up to 1011)

* some reserve for unexpected trouble or more ambitious accumulation

a factor of two higher antiproton intensities could be handled

upgrades are possible (CR cooling 2 - 4 GHz, RESR pre-cooling system)
==
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Critical Aspects of pbar Produc@%‘!ﬁf@

primary proton intensity: linac current
SIS18 operation at space charge limit

transfer SIS18 — SIS100
single bunch generation with bunch length <50 ns

target: focusing
thermal load

pbar beamline/separator: ion optical matching
large acceptance
collimation

collector ring CR: injection (transverse matching, kicker timing)
ring acceptance
bunch rotation and debunching, rebunching
cooling time and beam quality after cooling

accumulator ring RESR: injection (transverse matching, kicker timing)
stacking (rf capture and acceleration)
cooling time/accumulation time and efficiency, beam quality
beam feedback, IBS — high intensity limit

general: reliability, availability, radiation damage, additional preparation beam time

machines are not designed for exclusive antiproton operation (polarity changes)
==
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The New Experimental Storage Ring

Electron linac

Circumference [m] 222.8
. Straight section length [m] 18
; Do Horizontal acceptance [mm mrad] 150

rom RESR .
Vertical acceptance [mm mrad] 40
ions, pbars 1 Momentum acceptance [%] +15
from A Max. momentum deviation [%] +25
RESR Horizontal tune 4.2
. Vertical tune 1.87
Transition energy 4.59
o Maximum dispersion [m] 6.8
Horizontal chromaticity 5.9

RF E-cool  BBRF l
==
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Operation of the NESR with Ant@l{éthﬁht .

Electron linac

* Injection at 3 GeV from RESR

* Deceleration to intermediate energy

* Electron cooling below 800 MeV

e Deceleration to minimum energy 30 MeV
* Fast extraction

* Slow (resonance) extraction below 4 Tm
 Antiproton-ion (ER-NESR) collisions
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NESR Electron Cooler ﬁ’ﬁ"ﬁ'ﬂi
:

design by BINP, Novosibirsk

Cooler Parameters

energy 2 - 450 keV
max. current 2 A
beam radius 2.5-14 mm
magnetic field

gun upto 04T

cool. sect. upto 0.2 T

straightness 2x107°
vacuum <10 mbar

* high voltage up to 500 kV
* magnetic field quality
« fast ramping, up to 250 kV/s (RIBs)
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Simulation with BETACOOL
E, = 800 MeV (E, = 435 keV)

TR Y
Electron Cooling in the NESR i”‘? ‘.ﬁ'»‘f:;&_

.=2A,r;=1cm,B=02T

Emitttance, mm mrad

Momentum spread Ap/p
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Cooling time dependence
on initial beam quality
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Tiota ~ 20 S = €< 1.5 um, op/p <1 x103
requires transverse cooling in the RESR
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F5 g HESR Consortium: FZJ, GSI, TSL (Sweden),

T
ﬂ-_
=]
o

Georgia, Poland, Romania

circumference 574 m
momentum (energy) range
1.5to 15 GeV/c (0.8-14.1 GeV)

Injection of (anti-)protons from
RESR at 3.8 GeV/c

Maximum dipole field: 1.7 T
dipole field at injection: 0.4 T
dipole field ramp: 0.025 T/s
acceleration rate 0.2 (GeV/c)/s

Internal experiment PANDA.:
dipole field ramp: 0.015 T/s
internal hydrogen target
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Cooling in the HESR

Effective target thickness (pellets): 4x10'5 cm™
Beam radius at target (rms): 0.3 mm

Mode High Resolution | High Luminosity

Momentum range 1.5- 8.9 GeV/c 1.5-15GeV/c

Antiproton number 1010 1011

Peak luminosity 2x103! cm2s°! 2x10% cm2s°! _ e )
Momentum spread | Ap/p < 4x107 Ap/p = 1x10 stochastic cooling
Beam cooling Electron Stochastic printed loop coupler, 2-4 GHz

(< 8.9 GeV/e) (= 3.8 GeV/c)

electron cooling
5MeV, 1A, ~20m long
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