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CRYRING

1 or (2) GeV Antiproton 
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29 GeV Proton, 
N=２e13/10 sec
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N=1e8/10 sec
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Collector Ring

Antiproton Chain at FAIR
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target hall
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bending magnet focussing magnets 

quadrupole
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gasjetŦtarget

injection septum

cooling
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septum
extraction

extraction
septum
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electron
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Fast injection (stable ions / RIBs)
Stochastic cooling ( t 400 MeV/u)
Electron cooling ( 3 - 430 MeV/u) 
Laser cooling (C3+ 120 MeV/u)
Internal gas jet target
Acceleration/deceleration (down to 3 MeV/u)
Fast extraction (reinjection to SIS / HITRAP)
Slow (resonant) extraction 
Ultraslow extraction (charge change)
Beam accumulation
Multi charge state operation
Schottky mass spectrometry
Isochronous mode (TOF detector)

The Existing ESR

The ESR will be a valuable test bed
to develop techniques for FAIR 

Experimental Storage Ring (ESR) at GSI

Circumference: 108.36 m
B.rho:10 Tesla.m, 2 GeV Pbar
Transition energy: 1.254 GeV, Pbar
Stochastic & Electron Cooling Devices

Stochastic Cooling:
Band width: 0.8 GHz (0.9-1.7 GHz),  
Palmer method (Momentum Cooling)
Operation energy: 400 MeV/u

Electron cooler
Cooler length: 1.8m
Max. electron current: 0.5 A
Electron diameter: 5 cm
Solenoid field: 0.5 Tesla
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CRYRING @ ESR 

ESR 

CRYRING 

F. Herfurth "CRYRING@ESR" 

1(2) GeV 30 MeV 

CRYRING: Low Temperature Ecooler and Wide 
Band RF system.

30 MeV 0.3 MeV 

Anti-proton Deceleration in ESR & CRYRING

Circumference=108.36 m

Circumference=54.18 m
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Parameters of CRYRING

Circumference                                   54.18 m
Periodicity                                          6
Dipole bending radius                      1.2 m         
Transition Gamma                             2.30
Max Beta Function (Horizontal/Vertical) 7.35/8.36 m
Max Horizontal Dispersion               2.06 m
RF frequency                                     0.14-1.4 MHz
RF Voltage                                          0.5 kV
dB/dt (In the present simulation)      -0.1 Tesla/sec
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physics issues but probably even more so by the space
available in the Hall and by scheduling difficulties. This
applies to the request for more experiments and/or more
exotic extracted beam patterns.

5 CONCLUSION
The conversion of the AC ring to a Decelerator slowing

down antiprotons from 3.5 to 0.1 GeV/c required a long
and tedious commissioning period. Regular operation
with good beam characteristics started in July 2000 and
by now (June 2001) the performance is close to design
expectations. Work is still needed to further improve and
consolidate various systems and to ease the operation.
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CERN AD Operation (~2000) 

(2.75 GeV)
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(47 MeV)

(5 MeV)

N=~2e7/120 sec
100 nsec bunched beam

ELENA
0.1 MeV

(Fast 
extraction)
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Possible two scenarios for low energy 
antiproton production at MSV of FAIR

 Key limitation factors: ESR Brho=10 Tm (2 GeV), 
Transition energy=1.254 GeV. No deceleration 

function in CR.

Scenario 1. Stochastic cooling and re-bunching of 2 GeV Pbar, 
N=~5e7 in Collector Ring. Transfer to ESR and Deceleration in 
ESR. Crossing the transition energy, stochastic cooling at 0.4 
GeV and electron cooling at 100 MeV. Deceleration to 30 MeV. 
Deceleration in CRYRING to 0.3 MeV.

Scenario 2. Accumulation to N=1e9 in HESR at 3 GeV from CR. 
Deceleration to 1 GeV (Stochastic cooling at 2 GeV) and Transfer 
to ESR. Deceleration in ESR to 30 MeV (Electron cooling at 100 
MeV). Deceleration in CRYRING to 0.3 MeV.
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2 GeV

400 MeV

100 MeV

30 MeV

Injection from Collector Ring (N=1e8)

Stochastic Cooling 
for 30~50 sec

13 % of particles are LOST.

Electron Cooling 
15 sec

Cycle Time = 60~80 sec

Operation Scheme of Anti-proton at ESR
(Scenario 1)

Time

Energy

1.24 GeV

Crossing the transition 
energy, fast GammaT jump

 3 sec

 1 sec
 0.5 sec

 5 sec

N=8e7/80 sec

Flat Base:
Slightly Adiabatic De-bunching 
to Adjust the Dp/p and bunch 

length for the 
 Fast Extraction to CRYRING
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19

100.0 MeV

30.0 MeV

Injection from HESR (N=8e8)

Electron Cooling 
for 6 sec

Flat Base:
Slightly Adiabatic De-bunching 
to Adjust the Dp/p and bunch 

length for the 
 Fast Extraction to CRYRING

Deceleration Time = ~10 sec

 Operation Scheme of ESR
(Scenario 2)

Time

Kinetic Energy

1.0 GeV
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Part 1
Short Description of Scenario 1
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CERN Production Scheme

• 26 GeV PS
• Max. production at 3.7 GeV/c
• Sharp fall off of production 

cross section outside peak
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Antiproton production yield 
for CERN case

1. 26 GeV/c Proton
2. Max. production at 3.7 GeV/c
3. Sharp fall off of production 
cross section outside peak
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                    1-2 GHz: Pbar 3D cooling, PH, PV, KH, KV. 

transverse

Notch 

 Notch

                    2-4 GHz Pbar longitudinal cooling; pickup P2-4, kicker K2-4. 
  
CR 68 lattice with pbar stochastic cooling systems, incoming and extracted beams 

 2 GeV, N=1e8, Notch Filter System
Ring slipping factor! ! ! ! 0.0275 
Slipping factor from PU to K!       0.00373 (1- 2GHz)

! TOF from PU to Kicker! ! !    0.294e-6 sec (1-2 GHz)

Stochastic Cooling System of Collector Ring

Pick Ups (128)

Kickers (128)

1-2 GHz 
System2-4 GHz 

System

Kicker
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Time=0.00 sec

Green: RF Voltage
Blue: Separatrix
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RF Voltage= 150 kV
(200 kV is available.)
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Red: Rms Dp/p (left scale)
RF Voltage (Right scale)

 Bunch Rotation in the Collector Ring

Achieved Final Dp/p (rms)=2.88e-3 
at Coasting beam condition

Initial Dp/p (rms)=+/- 3e-2 (Uniform random)
Initial time distribution: +/- 25e-9 sec

13



Evolution of Particle Distribution, rms value of Dp/p and 
Microwave Power for Stochastic Cooling in CR
Band=1-2 GHz, Gain=140dB, Dp/p(initial)=3.5e-3

Dp/p (rms): red
Microwave Power: Green

Case: 45 Ohm (Kicker), 11.25 Ohm(PickUp)
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Time=0.00 sec

Green: RF Voltage
Blue: Separatrix

Beam Re-Bunching in the Collector Ring
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Dp/p(rms)=7.0e-4
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Evolution of Dp/p, Particle Distribution.
 Gain=120dB, Dp/p(initial, rms)=1.5e-3

Particle Number=1e8
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Time=0 sec
Dp/p(rms)=1.5e-3

Time=30~50 sec
Dp/p(rms)=2.4~3.5e-4
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Initial Distribution: Red 
 Time=10 sec: Green
Time=30 sec: Blue
TimE=50 sec: Pink

Coherent Term: Light 
Blue

Some parts of beam is 
lost as the Dp/p of beam 
is larger than the cooling
acceptance

 Stochastic Cooling of 0.4 GeV Pbar at ESR
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Evolution of Fraction of Particle Number in the 
Dp/p window less than +/- 3.0e-3 and Microwave 

Power during the 400 MeV stochastic cooling

~13 % of the particles 
are lost.

Red: Ratio of Particle Number within 
Dp/p +/- 3.0e-3
Green: Microwave Power
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If we use the Electron Cooling for 
400 MeV, Emittance (Initial)= 2.92 Pi mm.mrad

 Dp/p(initial, rms)=1.5e-3
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Dp/p: red 
 Transverse Emittance:Blue
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Electron Current=0.5 Ampere
 Electron Diameter=5 cm

Effective temperature=1e-3 eV
Transverse temperature=0.2 eV

Too Long Cooling Time 
with Electron Cooler !
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Electron Cooling at ESR without IBS effects 
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 (Challenging !)

Cooling time=15 sec

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

Transverse 
Emittance before 

Cooling 
(Pi mm.mrad)

Transverse 
Emittance after 

Cooling 
(Pi mm.mrad)

Dp/p before 
Cooling

Dp/p after 
Cooling

Cooling 
Time 
(sec)

Ring

2000 45 1
2.9e-3

(After bunch 
rotation)

1.60E-04 10
Collector 

Ring
(Stochastic 

Cooling)

400 2.92
1.46

(pessimistic 
assumption)

1.50E-03 5.10E-04 50
ESR

(Stochastic 
Cooling)

100 3.15 0.5 7.30E-04 1.00E-04 15
ESR

(Electron
Cooling)

30 0.94 0.8 2.00E-04
3.0e-4
(After 

Bunching)
5

ESR
(Electron
Cooling)

 Anti-proton Cooling Parameters (Scenario 1)
(all values are rms values at the coasting beam condition)
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Part 2

Stacking of 3 GeV Antiproton Beam in 
HESR

with Use of Barrier Bucket and Stochastic 
Cooling System
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M. Steck, RUPAC 2012, St. Petersburg, Russia, 24-28 September 2012

ECOOL
2 MeV
Lc=2.7 m

HESR
C=575 m
max. Bȡ =50 Tm   
Ȗtr =6.2,Qx=Qy=7.62

Internal gas-jet target
possible position:
ȕx=16 m, Dx=0.5 m, ȕy=9 m

Injection
from CR

PANDA

Stochastic Cooling system
800 MeV/u - 8 GeV/u

3 GeV antiprotons,
740 MeV/u ions

Experiments with stored and e-cooled ion beams
Kinetic energy range: 200 MeV/u – 3 GeV/u
Reference ions: 238U92+ and 132Sn50+

Operation of the HESR with Ions

High Energy Storage Ring (HESR)
1-14 GeV Antiproton & 0.7~3 GeV/u Heavy Ions
Fundamental requirement to HESR antiproton beam performance

High resolution mode: N=1e10, Dp/p < 5e-5 (rms)
( High luminosity mode: N=1e11, Dp/p < 1e-4 (rms) )
with Hydrogen target density of 4e15 atoms/cm2

Stochastic Cooling System
2 ~ 4 (6) GHz

Electron Cooler
2 MeV, L=2.7 ~ (20) m
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HESR Stochastic Cooling Parameters
Beam kinetic energy! !  ! ! ! 3.0 GeV (Pbar)
Number of injected particles!! ! 1e8
Initial momentum spread!! ! ! 5.0e-4 (1 sigma) truncated at +/-3 sigma
Ring slipping factor! ! ! ! ! 0.031 
Slipping factor from PU to K!! ! 0.0197
Type of Pickup and Kicker! ! ! New PU Structure Developed at Julich 
Notch filter method! ! ! ! ! Optical notch filter
Atmospheric Temperature at PU! 20 K
Noise Temperature at PU!! ! ! 20 K
TOF from PU to Kicker! ! ! ! 0.686e-6 sec
Dispersion at PU and Kicker!! ! 0 m
Number of PU and Kicker! ! ! 128/64 !
Shunt impedance of PU & Kicker! 9 Ohm/cell (PU) & 36 Ohm/cell (Kicker)
Band! ! ! ! ! ! ! ! ! ! 2-4 GHz! ! ! !
Gain! ! ! ! ! ! ! ! ! ! 130-115 dB (Varied during stacking cycle)!
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M. Steck, RUPAC 2012, St. Petersburg, Russia, 24-28 September 2012

HESR Stochastic Cooling

2-4 GHz Pickup-tank

Cryo-pumps to reach an 
operation temperature of 20 K

Combiner-boards mounted close to the 
structure and divided into 4 groups to 
reach an optimal signal combination in 
the whole momentum range of the HESR

Ferrites to damp
Microwave modes

Slotted tube for
pumpingWire mesh 

to fix RF-cables

MLI insulation

from R. Stassen

64 Slot couplers/tank, Cooling energy range > 0.8 GeV
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M. Steck, RUPAC 2012, St. Petersburg, Russia, 24-28 September 2012

Pickup Structures for the HESR 
Stochastic Cooling System 

2-4 GHz slot ring couplers:
� Self-supporting and robust structure with 8 50ȍ

strip line electrodes
� No plunging system
� One structure for all three cooling planes
� Structure tested in small cryogenic test-tank with 

real COSY beam. The measured sensitivity was 
higher than the plunging COSY-lambda/4 
structures 

4-6 GHz slot ring couplers:
� Same aperture (90mm)
� 12 electrodes already formed as 2:1 combiner 

within the structure
� Sensitivity significantly lower but tolerable 

because 4-6 GHz system will be used for 
longitudinal cooling only
� Additional modes still a problem

M. Steck, RUPAC 2012, St. Petersburg, Russia, 24-28 September 2012

Pickup Structures for the HESR 
Stochastic Cooling System 

2-4 GHz slot ring couplers:
� Self-supporting and robust structure with 8 50ȍ

strip line electrodes
� No plunging system
� One structure for all three cooling planes
� Structure tested in small cryogenic test-tank with 

real COSY beam. The measured sensitivity was 
higher than the plunging COSY-lambda/4 
structures 

4-6 GHz slot ring couplers:
� Same aperture (90mm)
� 12 electrodes already formed as 2:1 combiner 

within the structure
� Sensitivity significantly lower but tolerable 

because 4-6 GHz system will be used for 
longitudinal cooling only
� Additional modes still a problem

PickUp and Kicker Structure for HESR 
Stochastic Cooling
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Nuclotron Deuteron Beam, 
Stochastic Momentum Cooling with FZJ PU/Kicker

Energy=3 GeV/u,N=2e9, Gain=113dB
(JINR & FZJ IKP Collaboration) 

Red: Initial distribution
Green: Time=100 sec
Blue: Time=480 sec

Simulation with FP solver
Experiment (2013, March)

Blue: Initial 
Yellow: 480 sec
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Barrier Bucket System
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Time=0.0 sec

Time=1.0 sec

Blue: barrier Voltage
Red: Particle distribution

Particle distribution along 
the Ring CircumferencePhase Space Mapping
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Time=9.5 sec

2nd batch injected

Time=10.0 sec
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HESR, Beam Accumulation with Moving Barrier 
System, Voltage=2000 Volt

Red: Accumulated Particle Number
(left scale)

Blue: Accumulation Efficiency (right scale)
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Barrier Voltage Parameters for HESR

Injected Beam Width                        500 nsec
Injection Kicker magnet! !          1000 nsec (250 nsec Falling/
Rising time)
Cycle Time! ! ! ! ! !           10 sec
Barrier Voltage! !                            +/- 2 kV
Barrier Voltage Frequency!            5 MHz (T=200 nsec)
Barrier Voltage Rising/Falling Time!0.2 sec
Barrier Voltage Moving Time! ! ! 0.5 sec
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Separatrix Height vs Barrier Voltage
Synchrotron Period & Frequency 

vs Particle Momentum

HESR BB parameters
BB Voltage = 2 kV 
BB frequency= 5 MHz (T=200 nsec)
Ring slipping factor: 0.03

Green: DeltaE (right scale)
Red: Dp/p (left scale)

Red: Synchrotron Period (left scale)
Green: Synchrotron Frequency (right 
scale)

Dp/p=1.1e-3
Separatrix limit

Separatrix Height of BB System
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Accumulated Particle Number & Efficiency

Accumulation Efficiency=
Accumulated Particle Number/Total 

Injected Particle Number

PoP Experiment at ESR, 400 MeV/u, Ar18+
 Moving Barrier Case, Stochastic Cooling 

Gain=120 dB
Vbb=120V, Ie=0.3A, Cycle time=20 sec

Accumulated particle number
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Figure 9: Horizontal stochastic cooling is switched OFF after 200s and again On after 400s. 

Reason for reduction of stacking efficiency when horizontal cooling is OFF: horizonal heating 

by kicker? 

 

 

 
Figure 10: Moving barrier accumulation with stochastic and electron cooling. Barrier voltage 

130 V. 

 

Barrier timing:  Switch ON within one turn 

   500 ms standing 

   900 ms moving 

   200 ms standing and injection in particle free area 

   switch OFF 

 

Stacking

Experimental Result 
Simulation Result 
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Accumulated Particle Number & Efficiency

Accumulation Efficiency=
Accumulated Particle Number/Total Injected Particle Number
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Un-Stacking
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The actual differentiated injection kicker pulse shape is shown in figure 3. 

 
Fig. 3: Derivative of kicker pulses. Kicker Module 1 to 3.Time scale 200 ns/div. 

 

 

In figure 3 ringing of the kicker pulses are visible which lasts longer than 200 ns. The pulse 

duration is ! 300 ns and is thus longer than the gap (200 ns). Therefore some particles are lost 

when the kicker is fired. 

 

 

 

Accumulation with fixed barrier pulses: 

 

 

Figure 4: Accumulation over ! 500 s. Injection every 13 s. Saturation is reached (?) after  

500 s with 320 "A or N = 6 # 10
7
 Argon ions. 

From figure 4: It seems that on average a current injI 0.01mA!  is injected in the ESR every 

13 s. This corresponds to 
Inj

Inj

0

I
N

q e f
"

# #
 particles. Thus on average  Argon ions 

are injected per cycle. 

6

InjN 2 10! #

 

 

Figure 5: No beam in SIS18. Injection kicker still fires every 20 s. 
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Figure 6: The SIS18 bunch is kicked in the gap created with the barrier pulses. 

 

 

 

Experimental Result

Stacking

Un-Stacking

Simulation Result
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Celebration of Success of POP Experiment
2010 September 9th, at ESR Control Room

GSI, FZJ, JINR & CERN Collaboration

Spokesman: M. Steck
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Part 3
 Deceleration of Antiprotons in HESR
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2.0 GeV

1.0 GeV

Accumulation for 100 sec  (N=1e9)

Stochastic Cooling 
for 20 sec

Electron Cooling 
50 sec

Flat Base:
Beam Bunching with Barrier 
Voltage and Electron Cooling  

for 50 sec
 Fast Extraction to ESR

Cycle Time = ~200 sec

 Operation Scheme of HESR
for High Dense Antiproton Flux to ESR/CRYRING

Time

Kinetic Energy

3.0 GeV
Available Pbar Beam

8e8/200 sec

 35 sec
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Flat top: Adiabatic bunching

Red: Kinetic energy
Green: Survival Rate

Deceleration from 3 GeV to 1 GeV, Npbar=1e9
with Stochastic Cooling at Middle Flat of 2 GeV

Flat middle: Stochastic Cooling

dB/dt=-0.025 Tesla/sec
RF Voltage=2 kV
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Cooling at 2 GeV (20 sec)

Red: Dp/p
Green: Longitudinal Emittance

Evolution of Dp/p and Longitudinal Emittance
during Deceleration
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Time=0 sec
3 GeV, Accumulation Finished 

up to N=1e9
Dp/p=2e-4(rms)

Time=0.1 sec
3 GeV, Adiabatic Capture Started

Time=0.9 sec
Adiabatic Capture Finished

Time=1.0 sec
Deceleration Started
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Time=5.9 sec, 2 GeV

Time=7.0 sec, De-bunched
Stochastic Cooling started
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Time=6.0 sec 
Adiabatic de-bunching start
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Time=26.5 sec
Stochastic Cooling finished
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Time=26.6 sec, 
Re-bunching started

Time=28.0 sec, 
Deceleration re-started

Time=27.4 sec 
Re-bunching finished

Time=32.0 sec
Deceleration completed to 1 GeV
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Time=33.0 sec, 
De-bunching started

Time=33.7 sec 
De-bunching finished
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46

Short Bunch Formation at 1 GeV
with Electron Cooler

Betatron Tune Qx, Qy: 7.586/7.603
Transition gamma : 6.23
Momentum Slipping Factor : 0.20 (at 1.0 GeV)
Beta Function at Cooler: Horizontal=20 m, Beta Vertical=90 m

Anti-proton Beam Specifications
Kinetic Energy=1GeV, Number of particles=1e9, Transverse emittance 
(horizontal& vertical)=1.0 Pi mm.mrad (rms). Relative momentum spread Dp/
p=2.0e-4 (rms) and Gaussian truncated at +/- 3 rms values. The initial time 
structure of the beam is coasting, uniform random. 

Specification of HESR/COSY electron cooler
Current=1.0 A, Diameter=2 cm, Cooler length=2.7 m, Effective 
temperature=5e-3 eV, Transverse temperature=0.2 eV, Longitudinal magnetic 
field=0.1 Tesla. 

Barrier Bucket System
V=500 Volt, Frequency=5 MHz (T0=200 nsec)

26
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Short Bunch Formation of 1 GeV Anti-protons
 with Electron Cooling

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-1 -0.5  0  0.5  1
-1

-0.5

 0

 0.5

 1

6
E 

[M
eV

/u
]

V
 [k

V
]

o [µsec]

# p  tau [sec] Energy [eV]  at 0.000000e+00 [s]

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-1 -0.5  0  0.5  1
-1

-0.5

 0

 0.5

 1

6
E 

[M
eV

/u
]

V
 [k

V
]

o [µsec]

# p  tau [sec] Energy [eV]  at 3.000300e+01 [s] Cooling

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-1 -0.5  0  0.5  1
-1

-0.5

 0

 0.5

 1

6
E 

[M
eV

/u
]

V
 [k

V
]

o [µsec]

# p  tau [sec] Energy [eV]  at 5.000500e+01 [s] Cooling

Time=0 sec

Time=50 secTime=30 sec

Time=10 sec

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-1 -0.5  0  0.5  1
-1

-0.5

 0

 0.5

 1

6
E 

[M
eV

/u
]

V
 [k

V
]

o [µsec]

# p  tau [sec] Energy [eV]  at 1.000100e+01 [s] Cooling

47



Time=0 sec

Time=50 secTime=30 sec

Time=10 sec
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COSY Experiment of Short Bunch Formation
Parameters of Proton Beam and Electron Cooler

Proton kinetic energy: 200 MeV
Beam intensity: 2e9
Initial momentum spread: 3e-4 (rms)
Transverse emittance: 2 Pi mm.mrad

Barrier frequency: 5 MHz
Barrier voltage: 120 Volt

Electron cooler length: 2.7 m
Electron current: 200 mA
Electron diameter: 2 cm
Effective electron temperature: 5e-3 eV
Transverse electron temperature: 0.2 eV
Solenoid magnetic field strength : 0.1 Tesla
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R. Stassen et al.

Short Bunch Formation Experiment with 
Electron Cooler at COSY

Brown: Barrier Voltage Vp=200 V
Blue: RF signal (harmonic=1) 
Black: Bunch Signal (time= ~ 5 sec)
Pink: Bunch Signal (time= ~ 50 sec)
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UNILAC

SIS-18

SIS-100

SUPER-FRS

APPA-
Cave

CR

HESR

FRS

ESR

CRYRING

HITRAP

PHELIX

atomic physics experiments

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

Transfer Line of Antiproton Beam from 
HESR to ESR
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Appendix
Electron Cooling at COSY & HESR
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Parameters
Energy Range: 0.025 ... 2 MeV
Maximum Electron Current: 1-3 A
Cathode Diameter: 30 mm
Cooling section length: 2.69 m

COSY 2 MeV Electron Cooler
  under commissioning at COSY 

From S. Kamerdzhiev
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Parameters of 2 MeV Electron Cooling
 at COSY

1. Ion: Proton, Energy=200 MeV & 2 GeV, Intensity=5e9
Betatron tune values: Qx=Qy=3.61
Initial Dp/p=3.0e-4 (0.2 GeV) /1e-4 (2 GeV), Transverse Emittance=5.0 Pi 
(0.2GeV) / 0.5Pi (2 GeV) mm.mrad

2. Electron cooler,  Ie= 0.5A (0.2 GeV) / 2A (2 GeV)
Effective cooler length= 2.7 m
Solenoid field= 0.1 Tesla
Diameter of electron beam= 2.0 cm
Effective electron temperature=1e-2
Transverse electron temperature= 0.2 eV

3. COSY lattice
Transition gamma=2.27
Beta functions at Cooler: BetaH=6.0 m, BetaV=6.0 m, Dh=0.0 m
Beta functions at Profile monitor: BetaH=18.9 m, BetaV=7.5 m, Dh=3.28 m
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In the present analysis and simulation, following 
empirical formulae by Vasily are exclusively used.
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200 MeV proton, Ie=200 mA

200 sec
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200 MeV proton, Ie=200 mA

200 sec Cooler  switched off
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Energy Spectra during Electron Cooling 
(Simulation)
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Evolution of Dp/p and IBS Growth Rate during 
Electron Cooling at COSY 200 MeV Proton
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Part 4
Antiproton Deceleration in ESR 
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Antiproton Beam Parameters 
from HESR to ESR

Energy:1 GeV
Number of Particles: ~ 8e8/180sec
Bunch length: 300 nsec, Uniform distribution
Dp/p (rms): 0.8e-4
Transverse Emittance (rms): 0.5 Pi mm.mrad
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19

100.0 MeV

30.0 MeV

Injection from HESR (N=8e8)

Electron Cooling 
for 6 sec

Flat Base:
Slightly Adiabatic De-bunching 
to Adjust the Dp/p and bunch 

length for the 
 Fast Extraction to CRYRING

Deceleration Time = ~10 sec

 Operation Scheme of ESR for CRYRING

Time

Kinetic Energy

1.0 GeV
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Lattice of ESR GammaTransition=2.337
Transition Energy=1.254 GeV
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Momentum Acceptance of ESR

Max Horizontal Beta function, BetaH: 42 m
Max Horizontal Dispersion, Dh:10 m 
Useful half aperture, r: 80 mm

Max horizontal emittance is 1.9 pi mm.mrad (rms) at 100 MeV.
(from HESR injected 1 GeV beam emittance=0.5 pi mm.mrad
which increases due to adiabatic anti-damping)

Thus Dp/p=(r-betatron amplitude)/Dh=5.8e-3
where Betatron amplitude =sqrt(6*1.9e-6*BetaH)=22 mm

Momentum acceptance = +/- 5.8e-3 at 100 MeV
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Flat top: Adiabatic bunching

Red: Kinetic energy
Green: Momentum slipping factor

 Deceleration from 1 GeV to 100 MeV
dB/dt= -0.1 Tesla/sec

RF Voltage= 3 kV
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Beam loss started 
at around  100 MeV.
Then we stop the deceleration at 100 
MeV.

Energy and Particle Survival Rate
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Time=0 sec
Injection from HESR Completed

Dp/p=5e-5(rms)

Time=0.4 sec
Adiabatic Capture almost Finished

Time=0.5 sec
Deceleration Started Time=3.0 sec

Deceleration 
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Time=4.0 sec,  200 MeV
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Separatrix becomes too small 
and beam loss occurred at this  
62 MeV energy. Then the 
deceleration is stopped at 100 
MeV.
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Electron Cooling at 100 MeV
Antiproton Energy: 100 MeV
Electron Energy: 53.5 KeV
Electron Current: 0.5 A
Diameter of Electron Beam: 5 cm
Cooler Length: 1.8 m
Solenoid Magnetic Field: 0.1 Tesla
Effective Electron Temperature: 5e-3 eV
Transverse Electron Temperature: 0.2 eV

Number of Particles: 8e8
Initial Dp/p (rms): 1.8e-4 (this value is derived from the 
value of longitudinal emittance and the beam is coasting 
condition)
Initial Transverse Emittance (rms): 1.94 Pi mm.mrad
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Spectrum of Electron Cooling at 100 MeV
Time=0 sec

Dp/p=1.8e-4(rms)

Time=6 sec
Dp/p=3.60e-5(rms)

Time=4 sec
Dp/p=6.13e-5(rms)

Time=2 sec
Dp/p=1.07-4(rms)
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Red: Horizontal Emittance
Green: Vertical Emittance
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Stop the electron cooling
 at 6 sec

Evolution of Transverse Emittance
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Flat top: Adiabatic bunching

Red: Kinetic energy
Green: Momentum slipping factor

 Deceleration from 100 MeV to 30 MeV
after Electron Cooling

dB/dt= -0.1 Tesla/sec
RF Voltage= 3 kV
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No beam loss !

Energy and Particle Survival Rate
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Time=0 sec
100 MeV Cooling Finished

Dp/p=3.6e-5(rms)

Time=0.4 sec
Adiabatic Capture almost Finished

Time=0.5 sec
Deceleration Started Time=1.0 sec

Deceleration to 29 MeV
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Time=1.2 sec,  Decelerated to 30 MeV
Adiabatic de-bunching started

Time=1.7 sec, De-bunched

Time=1.5 sec,  30 MeV
Adiabatic de-bunching
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Red: Space Charge Tune Shift
Green: Transverse Emittance 

Space Charge Tune Shift
 & Transverse Emittance (100 MeV - 30 MeV)
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Part 5
Antiproton Deceleration in CRYRING 
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Injected Antiproton Energy: 30 MeV
Particle Number: 8e8
Pulse Length: +/-350 nsec
Dp/p (rms): 6e-4
Transverse Emittance (rms): 0.6 Pi mm.mrad

At 5 MeV Electron cooling will be applied to avoid the 
beam loss at ~ 1MeV.

Deceleration of Antiproton Beam in 
CRYRING

 from 30 MeV to 0.3 MeV
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Acceptance of Transverse emittance 
and Dp/p ?

 
At the lowest energy 0.3 MeV, the transverse emittance is 
expected as 1.4 Pi mm.mrad (rms) when the injected 30 MeV 
has the transverse emittance of 1.0 Pi mm.mrad (rms) where 
the electron cooling is used at the intermediate energy 5 MeV.  
As the maximal beta function is 7.35 m, the betatron amplitude 
is 7.9 mm. The useful half aperture is 40 mm and the maximal 
horizontal dispersion is 2.06 m, and then the Dp/p acceptance 
is +/-1.56e-2 at 0.3 MeV.
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Energy and Particle Survival Rate

dB/dt= -0.1 Tesla/sec
RF Voltage= 0.5 kV

 Deceleration from 30 MeV to 0.3 MeV
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Beam Loss !
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To avoid the beam loss at the energy at 0.5-1.0 MeV we 
have to use the electron cooling at 5 MeV

Electron Cooler Parameters
Cooler Length                              1.1 m
Electron current                           0.11 A
Electron beam diameter               5 cm (4cm)
Solenoid field strength                0.1 (0.05) Tesla
Effective electron temperature    5e-3 eV
Transverse electron temperature               2e-1 eV
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Time=0 sec
Dp/p=1.1e-3(rms)

Time=1.0 sec

Time=2.0 sec
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Evolution of Transverse/Longitudinal Emittance and Dp/p
with Electron Cooling

Red: Transverse Emittance
Green: Dp/p
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Both case Ie=0.1 Ampere
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Energy and Particle Survival Rate

dB/dt= -0.1 Tesla/sec
RF Voltage= 0.5 kV

 Deceleration from 5 MeV to 0.3 MeV

Slight Beam Loss !
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Time=0 sec, 5 MeV 
Dp/p=4.9e-4(rms)

Time=0.5 sec
Adiabatic Capture Finished

Deceleration Started

Time=1.0 sec Time=2.0 sec

Energy= 0.98 MeVEnergy= 3.3 MeV
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Time=2.5 sec
Time=2.6 sec, De-bunching Started

Energy= 0.3 MeV Energy= 0.3 MeV

Time=3.0 sec, De-bunched

Energy= 0.3 MeV
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Red: Bunch Length (rms)
Green: Bunching Factor
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Longitudinal Emittance (rms)

Evolution of Longitudinal Parameters 
during Deceleration from 5 MeV to 0.3 

MeV in CRYRING
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Red: Space Charge Tune Shift
Green: Transverse Emittance 

 Transverse Emittance & Space Charge 
Tune Shift (during deceleration from 

5 MeV to 0.3 MeV)
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De-bunching

Space charge tune shift
-0.25 is tolerable ?

If not, the emittance should be increased.
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Red: Growth Rate of Dp/p
Green: Growth Rate of Horizontal Betatron Amplitude
Blue: Growth Rate of Vertical Betatron Amplitude

Intra Beam Scattering Growth Rate

Transverse emittance=1.25 Pi mm.mrad
N=1e9

Kinetic Energy=0.3 MeV

Designed Dp/p=2e-3
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Summary of Beam Parameters 
from CRYRING (Scenario 2)

Antiproton Energy: 0.3 MeV
Particle Number: 8e8 /220sec(No beam loss during the 
deceleration) Note: CERN AD ~2e7/120 sec
Pulse Length: Coasting for the Slow Extraction or +/-1.5 
microsec (full width) for the Fast Extraction
Dp/p (rms): 2e-3 (coasting) or 6e-3 (bunched)
Transverse Emittance (rms): 1.3 Pi mm.mrad

The space charge tune shift is -0.25 at the maximal at the 
lowest energy. Careful adjustment of transverse emittance is 
required.
IBS growth could be managed.
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