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Deceleration of Antiprotons in the
Modularized Start Version of FAIR
Employing the ESR Storage Ring

M. Steck
F. Herfurth, M. Lestinsky, Y. Litvinov, T. Stohlker (GSI),
R. Maier, D. Prasuhn (FZJ), T. Katayama (Nihon University)
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Antiproton Scenario: SuperFRS ~

high intensity proton bunch for FLAIR:
after acceleration in p-linac, 108 antiprotons
SIS18 and SIS100 every 30 s
conversion in pbar target

FLAIR

cooling and accumulation | 7
in CR/RESR complex \

Experiments: PANDA in HESR, FLAIR after dceleration in NESR
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| FAIR - Modularized Start Versio

not included in MSV:
(can be added later depending on funding)

SIS300 high energy 300 Tm synchrotron
RESR accumulator ring for antiprotons
SIS100 NESR storage ring for experiments

Modularized Start Version MSV
pbar and RIBs

p-linac SIS18
IS18

. SIS100 and deceleration of ions an pbars
7/~ FLAIR low energy antiprotons
g part of MSV:

/¥

» | SIS100 heavy ion and proton synchrotron

Ethg /uperFRS SuperFRS and pbar target
CR pre-cooling of pbars (RIBs)

iIsochronous mass measurements of RIBs
~~~~ AL  HESR accumulation of pbars and ions
experiments with stored pbars and ions
ESR ion operation will be continued
CRYRING@ESR installation after the ESR
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Concept for Antiprotons in the I@%'W

Proton acceleration in Proton Linac, SIS18, and SIS 100 to 29 GeV

Single short bunch (50 ns) of 2 x 1013 protons is directed
to the antiproton production target

Theoretical production rate (2x10-° pbar /p) in useful phase space volume
(acceptance of separator and Collector Ring CR) should reliably give
1x108 antiprotons per pulse every 10 s (limited by cooling time in CR)

After bunch rotation and stochastic cooling the cooled antiprotons
will be transferred to the HESR

Beam accumulation by combination of barrier buckets and stochastic
cooling in the HESR will allow accumulation of stacks of 1x10'° pbar

Acceleration/deceleration to energies 0.8 — 14 GeV in the HESR

Stored antiprotons in the HESR:
Internal target and cooling (stochastic and electron) of antiprotons
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A collaboration of FAIR@GSI, AP@GSI, GA @GSI,
HI-Jena, Stockholm Univ., KVI Groningen, Krakow,
and the SPARC Collaboration

1 Cryring
Cave B
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Cave cleared E—

empty cave Cave reconstruction close to completion _| _Modified Cave —
VAT STNICHURIEIEN] Component preparation ongoing
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The Collector Ring CR (version 71

GSl version CR71 contains small changes of lattice (supersymmetry 1)

Injection kicker magnet

S po s/ Eeiicker magnes fast stochastic cooling (1-2 GHz) of
e —ae— Ty antiprotons (10 s) and
&> £ Clkickers g = 2y N y .
& /T 9, rare isotope beams (1.5 s)
ol A ) 2 fast bunch rotation at h=1 (U,; =200 kV)
& K N % adiabatic debunching
o / ochastic o Update of TDR by GSI optimized r/n.g‘lattlce (slip factor)
2 L L large acceptance magnet system
‘ ,S.C‘pick-up : || /.
X o o additional option:
%, S.C_:/pmk:up — X isochronous operation with RIBs
 FRTANNE A T
inflemEeE i ongoing negotiations with
circumference 221.5 m

Budker Institute, Novosibirsk, Russia
magnetic bending power 13 Tm to take full responsibility for concept,
large acceptance design and construction of CR

€y = 240 (200) mm mrad (Russian InKind contribution to FAIR)
Ap/p =+ 3.0 (1.5) %
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The Existing ESR
to HITRAP infection from Fast injection (stable ions / RIBS)
/mbl—\ j Stochastic cooling ( > 400 MeV/u)

. ‘\\\‘ se . / . Electron coo.ling (3-430 MeV/u)
\ 8 lectlmmtid | Internal g:as jet target _
/ »Septum \/ Acceleration/deceleration (down to 3 MeV/u)
U T R Fast extraction (for HITRAP at 4 MeV/u)
e St\;ha;ic g Beam accumulation
| cooling 0 [ Multi charge state operation
gasjet-targerq Lo Slepir g“j Schottky mass spectrometry
l 5 ] Isochronous mode (TOF detector)
" | J— Slow (resonant) extraction
gggﬁlg magne't guadruple - """ Ultraslow extraction (charge change)
? | W 4 \ Fast extraction at present only to the north !
laser cooling *'., L ¢ Kicker in the northern arc would allow fast
M extraction to the south (RIBs to HESR
0 10m to CRYRING @and antiprotons to CRYRING)
e, — I %5m I FAIR
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; i i NiZ?+ 400 — 30 — 4 MeV/u
PRl BEAmamas s 1100 pA — 180 pA — 25 uA
Lo e ------ , 459, 37 %
[remrerabn, ‘ : : : (incl. Recombination)
R~ ; s————
S ﬂ l't 'I' S beam half life
WD_L """" M\ """" """ (vacuum dominated):
- ;---,:--~;---»;J\%_-;---,-_gl--_,;Blending;---e 30 MeV/u: T, ~480s
D cycle time B L ﬁdd 4MeV/u: Ty, = 2s
@ : 45 S f*.Ion_ current - . X
o L —l Short beam lifetime is due to
Bl f - o 2107 Nty radiative electron capture in the
Ch.ﬂ S00mvV Chal Soomv H[4.00 s A\ Ch1 J -270mV residual gas (pressure: 2-3x10-1 mbar).
V Ch4| 1.00V
h T .00V  4.00s

Beam lifetime should not be an issue for antiprotons.

but: uncontrolled beam losses during ramping must be reduced
and faster ramping should be developed.
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Space Charge Limit

measurement at ESR of
Space charge limit due to incoherent tune shift momentum spread and

AQ = rpN 2nf%y%e (g/B) transverse emittance

L Kr3>6+ °
antiprotons at 30 MeV C ot © . :@: e
for AQ,=0.1 and €, = 1 mm mrad: & . .8 2 ®e¢ .. °
"% o ° eViu
N<7 x10° (B/g) g
L ® 70MeV/u
antiprotons at 300 keV o ® 300MeViu
for AQ,=0.1 and €, = 1 mm mrad: - Q’ o
| e =)
7 = Py (]
N<6 x107 (B/g) T PSS
] g " ? o ° % c® % ©
space charge is not relevant E ® oo °
. . S - @
for antiprotons in the ESR, SOEs o . 6410 om”
but will be significant after 10 S B
deceleration in CRYRING number of stored jons

ﬁ HELMHOLTZ JR— .
M. Steck, FLAIR Workshop, MPI Heidelberg, May 15-16 2014. IEEP PR == F'\lR



ESR Antiproton Deceleration Cygj
2 GeV Injection Energy from CR

Injection from Collector Ring

/ Crossing the transition
/energy, fast GammarT jump

|

(]

_' ll‘_-',_ LI
4 %

4-(?)x107 every 80 s

Energy

2 GeV
1.24 GeV

Stochastic Cooling
for 30~50 sec
12 % of particles are LOST.

Flat Base:

Beam Bunching with Barrier
Voltage and Electron Cooling
for 5 sec
Fast Extraction to CRYRING
Dp/p=3e-4 (rms), Emittance (H/
V)=0.79/0.87 mm.mrad
Bunch length= 500~600 nsec

400 MeV

100 MeV

30 MeV

Time

Cycle Time = 60~80 sec
benefits from availability of stochastic and electron cooling in the ESR
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Simulation of 2 GeV Antiprotons in

bunch rotation and debunching simulations by T. Katayama (poster)
s — T E T 115
Red: Rms Dp/p (left scale) momentum slip f r n=0.027
0015 | RF Voltage (Fiiight scale) SO & P acto N 0.0275
3 110z stochastic cooling
=Azhieved FinaNDp/p (rms)=2.88e-8 = - ' | 200
at Copsting beal condition 0 % et Dp/p (rms): red
o E __.--_‘-" & Microwave Power: Green 1505
0 L S o Y 5 o :
V] DI::DI} Tiglg?iﬂs:cj 0 6 [i] 3 Eo 100%
rebunching ER z
250 : : : 0.001 i 1 - g
E N MmN R AR R R ER AR AR _3 -
N Dp/p=7.0e-4(rms) | : Dp/p (rms)=1.6e-4 | =
%ﬁ ™ 0.0006 %6 5 10 Toaanns 20
. ------Imlﬁ{ﬁj"'-.
E 0.0004 amammmmmEE® mus gumumunn®
= ] o000z preparation of short bunch (60 ns length)
Bunch length (rms)=60 nsec  with momentum spread dp/p = 7x104
S S for transfer to ESR
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Cooling in the ESR """“‘Q—'
at the intermediate energy of 400 Mew__g

stochastic cooling

Evolution of Fraction of Particle Number in the

Dp/p window less than +/- 3.0e-3 and Microwave

Power during the stochastic cooling

& 100 . . . .

Particle Ration in Specified Momentum Range

5
98 [
44
06 | Red: Ratio of Particle Number within
Dp/p +/- 3.0e-3
04 Green: Microwave Power 13
0| ~13 % of the particles i
90 -
1
88 |-
coollng time ~50 s
v 10 20 30 10 50

Timpe (sec)

Microwave Power (Watt)

400 MeV, Emittance (Initial)= 2.92 Pi mm.mrad

Fractional Momentum Spread Dp/p (le-3)

1.5 [

electron cooling

If we use the Electron Cooling for

I Too Long Cooling Time

Dp/p(lnltlal rms)=1.5e-3

Electron Current 0. 5 Ampere
Electron Diameter=5 cm
Effective temperature=1e-3 eV
Transverse temperature=0.2 eV

(B

Transverse Emittance (mm.mrad)

Dp/p: red R
Transverse Emittance: Blue

with Electron Cooler !!

coolmg time ~450 s

0 100

"00 300
Time (sec)

stochastic cooling is much better suited for antiproton beam parameters
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Fms Dp/p (le<d)

bl

Cooling in the ESR

electron cooling at lower energies

T=100 MeV
Initial Dp/p=7.30e-4

Initial Transverse emittance=3.14 Pi

mm.mrad
Diameter of electron beam=5.0 cm
Current of electron=1.0 A

=Y
T

Cooling time=15 sec

Red: Dp/p (rms)
Green:Trans. Emittance

10
Time (sec)

I
>

(¥

)
Transverse Emittance (mm.mrad)

Fms Dpip ( le-4)

[

._.
Ln
T

—
T

=
i

T=30 MeV

Initial Dp/p=2.0e-4

Initial Transverse
emittance=0.93 Pi mm.mrad
Diameter of electron beam=5 cm
Current of electron=0.05 A
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ERmidery Hizcled =
Red: Dp/p (rms) 0%
Green:Trans. Emittance

4 06
See thg details in following 0
simuylation results '

4 0.

0 7 8 10

Time (sec)
Eremor: — o I

Fms Transvrse Emittance (mm.mrad)
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po
Antiproton Cooling Parameters Q‘k" 31

Transverse Transverse Coolin
Energy |Emittance before| Emittance after| Dp/p before | Dp/p after Timeg Rin
(MeV) Cooling Cooling Cooling Cooling (sec) 9
(Pi mm.mrad) (Pi mm.mrad)
2 9e-3 EGFIII_ectc:r
2000 45 1 (After bunch| 1.60E-04 | 10 {Stn;ﬂgﬂic
rotation) Cooling)
1.46 ESR
400 2.92 (pessimistic | 1.50E-03 | 5.10E-04 50 {Stnch_astic
assumption) Cooling)
ESR
100 3.15 0.5 7.30E-04 1.00E-04 15 (Electron
Cooling)
3.0e-4 ESR
30 0.94 0.8 2.00E-04 (After 5 (Elecrrun
Bunching) Cooling)
(rms values of coasting beam)
P, — G %Sm I FAIR
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ESR Antiproton Deceleration Cygj
2 GeV Injection Energy from CR

Injection from Collector Ring

/ Crossing the transition
/energy, fast GammarT jump

Stochastic Cooling
for 30~50 sec
12 % of particles are LOST.

_' ll‘_-',_ LI
4 %

4-(?)x107 every 80 s

Energy

2 GeV
1.24 GeV

Flat Base:

Beam Bunching with Barrier
Voltage and Electron Cooling
for 5 sec
Fast Extraction to CRYRING
Dp/p=3e-4 (rms), Emittance (H/
V)=0.79/0.87 mm.mrad
Bunch length= 500~600 nsec

400 MeV

100 MeV

30 MeV

Time

Cycle Time = 60~80 sec
benefits from availability of stochastic and electron cooling in the ESR
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Deceleration in CRYRING

from 30 MeV to 0.3 MeV from 5 MeV to 0.3 MeV

Space Charge Tune Shift

' ' ' ' . , , . , 03
magnetic field . ~-reyolution period ;
i revolution period | 1% solution to loss problem
£l s _ é H § {02 2
gth,v. frqusrlcy_1.4 MHz to 0.14 MHz | . electron COOIlng at 5 MeV £ | Rev. frequency=0:58 MHz 46 014 MHE 2
= 2 . = 10155
with electron current 0.1 A £
g S . £ 1012
over a time of 2 seconds
402 R R 1 005=
2 magnetic field
9% I 5 p 5 3 0 - 0 3 T - 13 5 33 0
ime (sec ime (sec)
0 fime e 1 E 0 ; ; ‘ ‘ L3
...... 2 £ 15} oos| s.c. tune shift ; 12sE
Qo1 } log E _ :
.l S.C. tune shift Y |t % g |
transverse emittance /| f|« & £ 1 208y 1773
003} .v": 5 E 5 ‘g
h ’ 148 UEJ g 02 {os 4
o 5 05 “*rtransverse emittance  1°*:z
i - Z transverse emittance 102 ')
-0.05 5 '1 5 T ‘; &S 70 = ° T]me?sec) B - ’
Time (sec) &= 7
7 001 0 L L L O ‘ ‘ I I ‘ -
_ 0 05 ! 15 2 s, momentum spread
st momentum spread Time (sec) 113
_s{longitudinal emittancef \ 0‘007% z o _ | B
S = 1 ' longitudinal emjttance | ¢
é; 10005 g i : ¢ _E,_ 3 [ - Y A ——— %
=2 ¢ careful investigation of space charge -.
& _ (N no losses | -
e 1S Necessary i
1t \ / g . ‘_ . ._ ‘ - -
| losses'..” * control of transverse emittance R
1 5 6 7

3 4
Time (sec)
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The High Energy Storage Ring Iﬂ '

ey . .
// \\ responsibility Main task: Storage of Antiprotons
/ of FZ Jiilich New :
/ \\ G i ew proposal (TDR) : Storage of lons
Ty contribution) circumference 574 m
(2 - 4 GHz) momentum (energy) range
L —————— 1.5 to 15 GeV/c (0.8-14.1 GeV)

} L injection of antiprotons from CR
| ‘ ’ ' accumulation with barrier bucket
D and stochastic cooling

maximum dipole field: 1.7 T
dipole field at injection: 0.4 T

Electron dipole field ramp: 0.025 T/s
| cooling acceleration rate 0.2 (GeV/c)/s
| | experiment electron cooling up to 3 GeV
\ —_——— stochastic cooling above 1 GeV
\ ) / availability of cooling will allow the use of the HESR
\ !) JULICH )/ for accumulation and deceleration (minimum 0.8 GeV)
\_ 7~ missing: beam extraction system (space is available)
Framer.— I == I FAR
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Barrier Bucket Accumulation in the HE

AE [MeViu]

#p tan[sec] Emergy [eV] ar0.000000e+00 [5] #p tan [sec] Energy [2V] at 1.000080e+00 [5] Cooling #p tau[sec] Energy [eV] at9.500080e+00 [5] Cooling
10 10 10
Cdoling Accegtance Ti@e:0.0 seg: Time=1.0 sec Time=9.5 sec]:
RN t . s
0 ; o E i 0 _%%W o ";" 0 z ./; 0 _W_M_ o E
> S e > 5 | | >
| Z42 first batch = g £ )
s—N et J ' 5 VO“ ge is WWCHE‘d off. 1* s Voltage-is-switchedon
i Becames coastlng beam |
" Newiy |n|e|~ted beam. I - 10
) ) T [usec] ” B o3 . [y?sec] o3 ! . T [usec] .
injection of
#p tau [sec] Emergv [¢V] at1.000008e+01 [5] Cooling s;cond batch le+09 I I " I ‘ 5
" ’ e : : Red: Accumulated Particle Number (left scale)
Time=10.0.sec / 1, 1 Green: Dp/p (right scale)
5 8e+08 E 14
5 HH o —E :: l
Z of oz Leet08L: = ! l 34
2 > -2 ER =
5 - T If % ) = = Z L =
R R T L S 25
= 5 =5 H ‘._- H 3- (=)
1 B t[ui‘et‘] ’ ' 3 % A i iy f F E i
< 2e+08 . S.tqrtmg candltbn of [Iecelerathn 1
i i i Coastln bean and D 2e 24 (rms
accumulation (in 100 s) of 1 x 10° antiprotons beah and Dpp=2ezd (s).

in parallel to deceleration in the ESR %6 % io ( )6'0 0 looo
same scheme is used for PANDA experiments
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ESR Antiproton Deceleration quj§ '#"- "
1 GeV Injection Energy from HESR k ;

Ener
. Injection from HESR 8"108 every 100 s
«

1.2 GeV

Available Pbar Bear
8e8 at 30 MeV
/100 sec

Flat Base:

Beam Bunching with Barrier
Voltage and Electron Cooling
for 5 sec
Fast Extraction to CRYRING
> Dp/p=3e-4 (rms), Emittance (H/

V)=0.79/0.87 mm.mrad
30 MeV 0.5 oo Bunch length= 500~600 nsec

Stochastic Cooling
for ~50 sec
13 % of particles are LOST.

400 MeV

joomev | 2°°°

Time
extraction in portions is feasible

Cycle Time = 100 sec
requires exclusive HESR operation
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Consequences of Antiproton
Operation of the ESR

Various components will be operated within their present specifications:
fast ramping power converters, rf system, stochastic cooling system,

electron cooling, ultrahigh vacuum system
(minor upgrades could be considered)

some beam diagnostics components will be close to their sensitivity limit
e.g. beam position monitors, destructive devices

but: even single ion detection has been demonstrated in the ESR
due to high sensitivity of special beam diagnostics

change of polarity
necessary for all magnetic components
probably also for electron cooler = operation with antiparallel field

modification of fast kicker hardware
addition of fast extraction kicker (for extraction towards the South)

# necmnorrz — :
M. Steck, FLAIR Workshop, MPI Heidelberg, May 15-16 2014. [0 R = F-\IR



Connecting ESR and HESR

synergy with ion transport
from SIS18 to HESR

HITRAP

" UNILAc PHELIX

O e
\_‘_.-‘-;

m-tt\\‘,_‘

SUPER-FRS

feasibility and cost
issues are presently

studied by Task Force’

from T. Stoehlker et al.
“Journal: Hyperfine Interaction”

@ atomic physics experiments
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Options for Deceleration
of Antiprotons in the ESR

injection to CR at 2 GeV
bunch rotation and stochastic cooling
transfer to ESR

either through direct beam line

or via HESR ring section
deceleration in ESR to 30 MeV

with stochastic cooling at 400 MeV

and electron cooling at 100/30 MeV
transfer to CRYRING

issues:
reduced production rate at 2 GeV

stochastic cooling in CR at 2 GeV
beamline CR to ESR (10 Tm)
deceleration in ESR crossing v,
ESR fast extraction system

@@I = )

injection into CR at 3 GeV
bunch rotation and stochastic cooling
transfer to HESR
deceleration in HESR to about 1 GeV
stochastic cooling in HESR
transfer to ESR and
deceleration in ESR to 30 MeV

with electron cooling at 100/30 MeV
transfer to CRYRING

issues:

option of accumulation in HESR

cooling in HESR at 1 GeV

fast extraction from HESR

beamline HESR to ESR (5t0 10 Tm ?)
combination with ion injection to HESR

ESR fast extraction system

common: no sharing of antiprotons between HESR and FLAIR

P f— _ FAIR
| EEEEEEEEEEEE
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Present Activities "

Decelerated antiprotons after the ESR are not part of the
Modularized Start Version and therefore not in the scope
of the FAIR project.

Recently GSI management established a Task Force,
consisting of N. Angert, B. Franzke, R. Maier (FZJ),

Y. Litvinov, F. Nolden, D. Prasuhn (FZJ), M. Steck, T. Stohlker
to investigate the feasibility of different approaches.

Conceptual and financial aspects will also be considered.

Experiments of proton stochastic cooling and extraction
towards CRYRING will be performed at the ESR this year.

Goal is a report towards the end of 2014.
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