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oscillations per turn was as expected indicating correct focusing of the ring. A first trial of beam 

accumulation by rf stacking led to 0.65 A showing a satisfactory efficiency of 70% (longitudinal phase 

space density of the stored beam over that of the injected beam) and confirming the findings in CESAR. 

An example of early stacking is shown in Fig. 16.   

                                             

Fig.16:  Build-up of proton current as a function of time 

(going to the left) during rf-stacking 

 In January 1971, the second ring became available and first proton–proton collisions were 

recorded on 27 January, anxiously observed by the team to see whether the beam–beam effect would 

quickly destroy the beams as some simulations had predicted.  However, nothing catastrophic happened 

and, to general relief, the beam decay was as expected from the measured vacuum pressure. Regular 

physics runs started in February with 15 GeV/c beams, and collisions at 26.5 GeV/c, the maximum 

scheduled for the PS, were obtained in May, providing a centre-of-mass energy equivalent to a 1500 GeV 

proton beam on a fixed target. The beam currents were gradually increased during the year reaching 10 A 

at the end as illustrated on Fig. 17. The maximum luminosity obtained in 1971 was 3·10
29

 cm
-2 

s
-1

, a quite 

respectable performance when compared with the design luminosity of 4·10
30

 cm
-2 

s
-1

. The beam decay 

rate was less than 1% per hour at currents of 6 A in both rings, much better than the design value of less 

than 6% per hour. The ISR operated 1800 h in its first year (800 h for colliding beam physics) with a 

remarkable availability of 95%. 

                                  

Fig.17:  The evolution of the stacked proton beam current in 

the first year of operation for ring 1 and 2 with beam 

momentum as parameter 
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The normalized luminosity is shown over a 13 hour 
period with stochastic cooling turned on and off every 
few hours. The effect is small but very significant: 
stochastic cooling worked! Very soon afterwards a similar 
system was designed for the Initial Cooling Experiment 
(ICE) with spectacular results as shown in Figure 11. 

 
Figure 11: Fast momentum cooling in ICE. 

LEP 
LEP produced its first collisions on August 13th 1989, 

less than six years after ground was broken on September 
13th 1983. The 27km tunnel extends from the foothills of 
the Jura mountain to the Geneva airport and straddles the 
border between France and Switzerland. The 3.8 m 
diameter machine tunnel is buried at a depth varying 
between 50 and 175 m.  

The Large Electron Positron collider LEP at CERN was 
commissioned in 1989 and finished operation in 
November 2000. During this period it was operated in 
different modes, with different optics, at different 
energies, and with varied performance [8], [9]. In the end, 
LEP surpassed all design parameters. It has provided a 
large amount of data for the precision study of the 
standard model, first on the Z0 resonance, and then above 
the W pair threshold. Finally, with beam energies above 
100 GeV, a tantalizing glimpse of what might have been 
the Higgs boson was observed.  

LEP Performance 
Performance at LEP naturally divides into two regimes: 

45.6 GeV running around the Z0 boson resonance and 
high energy running above the threshold for W pair 
production. A summary of the performance through the 
years is shown in Table 1. 

In the regime on or around the Z0 resonance, 
performance was constrained by the beam-beam effect 
which limited the bunch currents that could be collided. 
The beam-beam effect blew up beam sizes and the beam-
beam tune shift saturated at around 0.04. Optimization of 
the transverse beam sizes was limited by beam-beam 
driven effects such as flip-flop. The main breakthrough in 
performance at this energy was an increase in the number 
of bunches: First with the Pretzel scheme (8 bunches per 
beam) commissioned in 1992, and then with the bunch 
train scheme (up to 12 bunches per beam) used in 1995. 
The optics (phase advance and tunes values) were also 
changed in attempts to optimize the emittance and the 
beam-beam behaviour.  

With the increase in energy to above the W pair 
threshold the beam-beam limit increased and the 
challenge was to develop a low emittance optics with 

sufficient dynamic aperture to go to the 100 GeV regime. 
Luminosity production was maximized by increasing the 
bunch current to the limit while operating with four 
bunches per beam and rigorous optimization of vertical 
and horizontal beam sizes. 

Table 1: Overview of LEP Performance from 1989 to 
2000 

 

 
Figure 12: RF voltage per turn over the years. 

Between 1996 and 2000 the beam energy was 
progressively increased from 80.5 to 103 GeV. At these 
energies beam oscillations are strongly damped and the 
single particle motion has an important random walk 
component due to the large number of emitted photons.  
Consequently particles no longer lock on resonances 
driven by the non-linear beam-beam force and beam size 
blow up is reduced allowing the use of higher bunch 
currents. Record beam-beam tune shifts of above 0.08 
were achieved in each of the 4 collision points. In order to 
reach these very high energies the superconducting 
cavities were all driven beyond their design values to 
reach a total accelerating voltage per turn of more than 
3.6GV. (see Figure 12 for the progression in accelerating 
voltage). 

The design and achieved values for a number of crucial 
LEP performance parameters are summarized in Table 2. 
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SWITZERLAND FRANCE TABLE 1. Main parameters of the ISR

FIG. 1. Layout of the intersecting storage rings (ISR).

A measure of intensity for colliding-beam devices is a
parameter known as the luminosity, L, defined as the figure
by which one has to multiply a cross section (for a given type
of interaction) to arrive at the number of events per second.
As an example, one could ask what luminosity would be
required to reach a total p-p interaction rate per second of 106,
similar to the typical figure given above for secondary beams
on a hydrogen target. Assuming a total p-p cross section
of 40 mb, we find that an L = 2.5 X 1030 cm-2 s'1 would give
105 interactions per sec.
The ISR design aimed, in fact, at L __ 4 X 103° cm-2 s-l.

To achieve this, it is necessary to increase the intensity of the
two orbiting beams so that they each contain 4 X 1014
protons, which is equivalent to a circulating current in each
ring of about 20 A. Beams of this intensity are achieved by
stacking many successive pulses from the CERN-PS next to
one another.
For this purpose a radio-frequency system is needed. After

the first pulse has been injected, this RF system accelerates
the protons just enough to move the particles from their
injection orbit to an orbit nearer the outside of the vacuum
chamber. When this acceleration has been done, the injection
orbit is free to receive the next pulse which, in its turn, is
accelerated and moved to an orbit only a fraction of a milli-

Number of rings
Circumference of rings
Number of intersections
Length of long straight section
Intersection angle at crossing points
Maximum energy of each beam
Hoped for luminosity (per intersection)
Magnet (one ring)
Maximum field at equilibrium orbit
Maximum current to magnet coils
Maximum power dissipation
Number of magnet periods
Number of superperiods
Total weight of steel
Total weight of copper
RF system (one ring)
Number of RF cavities
Harmonic number
Center frequency of RF
Maximum peak RF voltage per turn
Vacuum system
Vacuum chamber material
Vacuum chamber inside dimensions
Design pressure outside intersection

regions
Design pressure inside intersection

regions

2
942.66 m
8
16.8 m
14.78850
28 GeV
4 X 1030 cm2s1-

12 kG
3750 A
7.04 MW
48
4
5000 tons
560 tons

6
30
9.53 MHz
20 kV

Low-carbon stain-
less steel

160 X 52 mm2
10-9 torr

10-10 to 10-11 torr

meter from where the first pulse was left. This stacking process
can be repeated again and again, in fact, about 400 times in
each ring, to create a stacked beam about 70 mm wide with
the intensities mentioned above. Fig. 2 illustrates the stacking
process and how one gradually fills the aperture available in
the vacuum chamber. With 400 pulses stacked there will be a
momentum spread of 2% across the beam.
The protons can continue to circulate in the rings and

colliding-beam experiments can be performed for as long as
36 hr before calling on the CERN-PS again for a refill.
Most of the major problems in constructing the ISR aroseI\\ ILJ(Q'~ ~I

ectedcsp

horizontal aperture 150 mm

outside of the ring inside of the ring
FIG. 2. Cross-section of the vacuum chamber at the position of the beam inflector with indication of the stacking process.
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Increase of 25 GeV 
Proton Current in ISR
　Achieved ~10A 
Luminosity=~1e29/
cm2/sec

Cross Sectional View of 
ISR Vaccum Chamber

1.7 GeV/c Proton Beam, Momentum 
Stochastic Cooling at ICE (1977-78)

ISR: Intersecting Storage Ring 1971-1983

RF Stacked
Beam

Injected Beam



TARN (Test Accumulation Ring
 for NUMATRON) 1978-1985

Circumference : 31.7m
Ion energy : 7 MeV/u
Injector: SF cyclotron

Multiturn injection+RF stacking
& Stochastic Momentum cooling

Increase of Accumulated He Ion 
Current

Beam Profile of Accumulated Ion 
Beam

28 MeV 4He2+ Momentum Stochastic Cooling 
at TARN with Notch Filter system

Dp/p 1e-2 --> 6e-4 (Cooling time=400 sec)



CR\RESR

RESR ring

Collector Ring

From Antiproton Separator
Cycle Time=10 sec 

(5 sec)

Stochastic Stacking
 Collector Ring & RESR Ring of FAIR Project

3 GeV, N=1e8 Pbar Cooling & 
Stacking with 2 Rings

Collector Ring
Circumference  216.25 m 
Phase slipping factor  0.0107
Bunch Rotation  Dp/p +/-3%(Uniform) ->2.45e-3 (rms)
Stochastic Cooling Dp/p 2.5e-3 -> 5.0e-4 (rms)
RESR Ring
Circumference  239.9 m
Phase slipping factor  0.03-0.11
Stochastic stacking  Up to 1e11 pbar (1000 stacking)
Deceleration 3GeV-100 MeV (with Ecool)

Dp/p cooling
/stacking PU

Dispersion=13m

Kikcer
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Schematic Layout of Tail and Core System at RESR
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Fokker-Planck Equation
 (Longitudinal cooling process)

Distribution Function of Particles

Cooling Force:  Function of Band width, Gain, PU and Kicker 
sensitivity, Delay of signal, Ring slipping factor etc.

Diffusion Force: Function of Particle density, Band width, 
Gain, PU temperature, IBS diffusion force.



Stacking Times=1,10,100,500,1000

(1)

Deposit Beam
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(1000)

RESR 3 GeV Antiproton 
Stacked Beam Profile during Stacking

Ring slipping factor=0.05
Cycle=5 sec
N=1e8
Deposited Beam Dp/p=1e-4 (rms)
Tail frequency=1~2 GHz
Core frequency=2~4 GHz
Tail1Gain=120dB
Tail2 Gain=106dB
Core Gain=90dB
NotchDepth=30dB

Tail1 Delay Time = -0.320ns
Tail2 Delay Time = -0.360ns
Core Delay Time = -0.167ns
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Parameters are from S.vd. Meer paper (1984)
T=2.6 GeV, N=5e7, Dp/p=1.65e-4 (rms), Cycle 
time=5 sec, Ring slipping factor=-0.1, 
Tail frequency=1-2 GHz, , TailGain=126 dB
Core frequency=2-4 GHz, Core Gain=80dB
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Fig. 7. Evaluation of the longitudinal density of the stack in the Fermilab Accumulator
(computed, [58]). The new batch is deposited with an energy difference at around +10 MeV
from the bottom of the stack every 2 s.

Table 5. Basic design parameters of the cooling systems for the Fermilab Debuncher (design
values 1984, adapted from [58]).

Frequency band 2–4 GHz
Number of pick-up pairs (loops) 128
Amplifier equivalent noise temperature 100 K
Amplifier gain (net) 138 dB (variable)
Output power
- Schottky 100 W (typical)
- Thermal 400 W (typical)
Number of TWT’ amplifiers 8
Number of kicker pairs (loops) 128

The value of η =
∣∣γ−2

transition − γ−2
∣∣ is carefully chosen in both rings. In the

Debuncher a compromise between the RF requirement for the bunch rotation (which
favors a small |η|) and stochastic cooling (which favors a larger |η|) lead to the choice
of η = 0.006. In the accumulator a value of about 0.02 allowed the operation of the
Palmer-Hereward type core cooling system up to 4 GHz and the filter type stack
tail systems up to 2 GHz. To decrease the noise-to-signal ratio U, which tends to be
large for the low intensity systems in the Debuncher and the stack tail systems in the
accumulator, a large number of high-impedance pick-ups are used (Tabs. 5 and 6) to
increase the beam signal and cryogenic cooling of the pick-up terminating resistors
and the preamplifiers to reduce the noise. The number of kicker units chosen lead to
a power requirement of 1600 W for the stack tail system and of 2 × 600 W for the
Debuncher. These values require a large number of the 200 W travelling wave tube
amplifiers to be used.

The Fermilab antiproton source started operations at the end of 1985 with an
increase of the 3 dimensional density of several 106 and proton-antiproton collisions
in the 1 TeV Tevatron of a luminosity of about 0.2 × 1030 cm−2 s−1 early 1987 [60].
Since then the system has been continuously improved.

Fermi Lab.  Accumulator Ring (Calculated)

8 GeV, Pbar, 5e7/shot injected 
from Debuncher Ring

Cycle time= 2 sec

(Ref) Design Report Tevatron 1 
Project, Fermilab-design-1983-01



Stacking of 3 GeV Pbar Beam in HESR
with Use of Barrier Bucket and 

Stochastic Cooling System
(RESR is postponed in the modularized start 

version of FAIR)
Three Necessary Conditions for the Barrier Bucket 

Accumulation
1. Beam momentum spread should be within the momentum 
acceptance of cooling system.

2. Momentum spread of cooled and stacked beam should be 
less than the separatrix height of barrier bucket system.

3. Cooled and stacked beam should not be disturbed by the 
injection kicker field.

B. Franzke invited one of authors T.K in 2005 to GSI and suggested to investigate 
the possibility of Barrier Bucket Stacking Scheme of Antiproton beam.
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Accumulation & 
Cooling Parameters for HESR

In
Injected Beam                                     3 GeV, Antiproton
Intensity                                               1e8
Injected Momentum Spread               5e-4 (rms)
Ring Slipping Factor                           0.03
Cooling System                                   Notch Filter, 2-4 GHz
Injected Beam Width                           ~ 500 nsec
Revolution Period                                ~2000 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



N=1e8, Gain=120dB, Dp/p=5e-4
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HESR BB parameters
BB Voltage = 2 kV 
BB frequency= 5 MHz (T1=200 nsec)
Ring slipping factor: 0.03

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

Dp/p=1.1e-3

Separatrix Height of BB 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 Moving Barrier Bucket System, 
Voltage=2000 Volt

Red: Accumulated Particle Number
(left scale)

Blue: Accumulation Efficiency
 (right scale)
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Green:Cooling Gain (right scale)
Reduction of cooling gain 

is essential !



Time=0.0 sec

Time=9.0 sec Time=10.0 sec

Fixed Barrier 1000 Volt (Phase mapping)
Time=1.0 sec
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 Fixed Barrier Bucket System, Voltage=1000 Volt

Red: Accumulated Particle Number
(left scale)

Green: Accumulation Efficiency (right scale)
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Celebration of Success of POP Experiment
2010 September 9th, at ESR Control Room

GSI, FZJ, JINR & CERN Collaboration

Spokesman of POP Experiment: M. Steck



Parameters of  Stochastic Cooling 
and Barrier Voltage at POP Exepriment at ESR 

1. Particle: 40Ar18+, 0.4 GeV/u, Gamma=1.426, Beta=0.713 
2. Ring circumference: 108.36 m, Revolution Period=500 nsec
3. Number of injected particles from SIS18: 5e6 ions/shot. 
4. Injected momentum spread : 5.0e-4 (1 sigma)
5. Injected bunch length : 150 nsec (Assumed as uniform)
6. Ring slipping factor: 0.309
7. Dispersion at PU:  4.0m, Dispersion at Kicker=4.0 m (Palmer 
stochastic cooling method)
8. Band width: 0.9-1.7 GHz
9. BB Voltage : 0.12 kV 
10. BB Frequency: 5 MHz (T=200 nsec) for Fixed barrier Case

10 MHz (T=100 nsec) for Moving barrier case
11. Injection Kicker Pulse Width: 200~300 nsec
12. Transverse emittance (rms) : 1.25 Pi mm.mrad (constant)



Experimental Results 
36Ar18+ 390 MeV/u
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Figure 1: Sensitivity measurements of Palmer pick-up

2.3 Cooling with large initial momentum devi-

ation

Momentum cooling of a beam consisting initially of two

distinct components separated by the largest foreseen mo-

mentum deviation δp/p = 0.7% has been reported in [4].

In order to overcome the synchronization problem between

pick-up and kicker at the large δp/p, the lengths of the

transmission lines for signals from particles with large pos-

itive or negative δp/p were initially different and only grad-

ually made equal in the course of the cooling process as

part of an automatized cooling cycle.

2.4 Cooling experiments with an argon beam

In order to approach the situation of a beam of secondary

particles from the fragment separator, a beam with a maxi-

mum momentum width δp/p = ±0.15% was injected from

the SIS synchrotron. Due to coupling between the phase

subspaces [2], beam loss caused by the stochastic cooling

system can be avoided only if all subsystems are turned

on simultaneously. In spite of the rather low ionic charge

of the 36Ar18+ beam, short cooling times in the longitu-

dinal (τ‖) and horizontal (τx) betatron phase planes were

measured. The momentum width was determined from the

second moment of the Schottky power density at the 30 th

harmonic. The horizontal width was determined from mea-

surements with the ESR rest gas ionization monitor (Fig.

2). Both the rms relative momentum width σ‖ and the rms

horizontal beam width σx in the northern dipole decrease

approximately exponentially versus time (Fig. 3):

σ(t) = (σ(0) − σeq) e−t/τ + σeq

Table 1 shows the cooling times τ‖ and τx as well as the

equilibrium widths σeq
‖ and σeq

x for two different beam

intensities N . In both cases the initial width σ‖(0) was

8 · 10−4 and the width σx(0) was 9 mm. The rms emit-

tance is < 2 · 10−6 m initially and about 1 · 10−7 m finally.

The final longitudinal and horizontal emittances are smaller

than what is needed for fast electron cooling following the

stochastic precooling.

Table 1: Measured cooling parameters for an argon beam

N τ‖ [s] τx [s] σeq
‖ σeq

x [mm]

6 · 107 1.06 4.6 1.0 · 10−4 1.5

6 · 106 0.86 1.6 0.5 · 10−4 1.6

-20 -10 0 10 20

x [mm]

Figure 2: Cooling of an argon beam: horizontal beam pro-

files recorded every 2 seconds
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Figure 3: Cooling of an argon beam: σ‖(t) and σx(t) with

fitted exponentials

2.5 First experiments with uranium beams

As the Schottky power density is proportional to the square

of the charge state, the fastest cooling rates are expected

if the Schottky signal to noise ratio is at its optimum value,

i.e. for fully stripped uranium ions. Indeed, the fastest cool-

ing rates have been reached with a 238U92+ beam. Cooling

times in all three phase space dimensions were measured

during a first commissioning run.

1263Proceedings of EPAC 2000, Vienna, Austria

Comparison of Experimental and Simulation 
Results of Momentum Cooling at ESR

(Ref) F. Nolden et al., EPAC 2000



Accumulated Particle Number & Efficiency

Accumulation Efficiency=
Accumulated Particle Number/Total Injected 

Particle Number
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Stacking

Un-Stacking

Un-Stacking
- No Beam injection but 

Kicker is fired -

  Fixed Barrier Case Vbb=120 V, Stochastic 
Cooling Gain=120dB

 

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. 

 

 

-0.1

-0.05

0

0.05

0.1

0.15

-3 -2 -1 0 1 2 3

C
1
b

b
_
s
e
p

2
0
1
0
0
0
0
1
1
 1

4
:0

0
:2

0
  
2
0

.1
0
.2

0
1
0

b
u
n

c
h

 a
m

p
lit

u
d
e

 [
a

.u
.]

time [$s]

injected bunchalready stored

 
Figure 6: The SIS18 bunch is kicked in the gap created with the barrier pulses. 

 

 

 

Experimental Result

Stacking

Un-Stacking

Simulation Result



Time=0.0 sec

Time=11.7 sec

Blue: Barrier voltage
Red: Particle distribution

Particle distribution along 
the Ring Circumference

Phase Space Mapping
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Time=13.0 sec 2nd bunch injected

Spectrum
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Accumulation Efficiency=
Accumulated Particle Number/Total Injected 

Particle Number

  Moving Barrier Case, Gain=120dB
Vbb=120V, Ie=0A
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Simulation Result

Experimental Results: No beam 
accumulation !



Accumulated Particle Number & Efficiency

  Moving Barrier Case, Gain=120 dB
Vbb=120V, Cycle time=20 sec, Kicker period=200 

nsec, with Electron Cooler Ie=0.3 A

Accumulated particle number (red)
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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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Time=0.0 sec

Time=0.4 sec

Particle distribution along 
the Ring CircumferencePhase Space Mapping

 Moving Barrier Case
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Time=19.6 sec

Time=19.8 sec
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Time=20.0 sec
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Accumulated Particle Number & Efficiency

 ESR Moving Barrier Case, Gain=120 dB
Vbb=2kV, Ie=0 A 

( 2 kV BB system is under construction & Experiment could be 
in 2014)

Stacking
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Beam Accumulation & Short Bunch 
Formation at NICA Collider 

1. Beam Accumulation
Accumulation of 197Au79+ beam in the Collider 
from Nuclotronup to N=2.4e10 (24 batchs). Barrier 
bucket system with stochastic and/or electron 
cooling is envisaged.

2. Short Bunch Formation 
Short bunch formation with RF and beam cooling. 
The goal of expected bunch length=1ns (rms).

3. Compensation of IBS Diffusion
At the collider mode, the Intra Beam Scattering 
diffusion effects have to be compensated by beam 
cooling.



NICA Collider FODO Lattice

Red: BetaX
Green: BetaY
Blue: DispersionX
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Circumference=503.04 m
Transition Gamma=7.09
Injected Beam Parameters from 
Nuclotron

Energy: 1.0 - 4.5 GeV/u
Intensity: 1.0e9 / 10 sec
Transverse emittance: 0.5-1.0
      Pi.mm.mrad
Bunch length: 300 nsec *
Dp/p=3e-4 (rms)*

*Note: Could be smaller values with 
booster synchrotron with electron 
cooler.

S-cool PU (Dp/p)

S-cool Kicker

S-cool PU (Transverse
Emittance)

 

Layout of Collider Ring

36

(H)

(V)

(L)

Stochastic Cooling 
System

Electron Cooler
Length=6m
Current=1 A
Diameter=2 cm
Beta function at Cooler=16 m



Beam stacking with
electron cooling 

@1.5 GeV/u

Beam stacking with 
stochastic cooling 

@3.5 GeV/u

Simulations by T.Katayama (GSI),
Talk on Tuesday

NICA Project at JINR, I.Meshkov, G.Trubnikov  http://nica.jinr.ru

Simulation Results of Beam Accumulation 
at NICA Collider



4.5 GeV/u, N=6e9/bunch
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1 GeV/u, N=3e8/bunch

Bunched Beam IBS Growth Rates (Calculated with Martini/Parzen Formulae)
EmittanceH=1.2 Pi mm.mrad, EmittanceV=0.9 Pi mm.mrad

Bunch length (rms)=0.6 m

Red: 1/tauP, Green: 1/tauH, Blue: 1/tauV
Pink: (1/tauH+1/tauV)/2.0

1/tauP (dp/p=1e-3)= 3.65E-03 ( tau=270 sec)
 1/tauH (dp/p=1e-3)= 4.86E-04 ( tau=2050 sec)

  1/tauV (dp/p=1e-3)= -6.1E-05 (tau=-16000 sec)

Red: 1/tauP, Green: 1/tauH, Blue: 1/tauV
Pink: (1/tauH+1/tauV)/2.0      

1/tauP (dp/p=1e-3)= -7.95E-05 (tau=-12000 sec)
1/tauH (dp/p=1e-3)= 3.86E-03 (tau=260 sec)
1/tauV (dp/p=1e-3)= 6.03E-03 (tau=166 sec)

38

Intra Beam Scattering (IBS) effect



1. RF voltage is increased from 0 to 200 kV 
(harmonic=24) with time constant 5 sec for the adiabatic 
bunching.
2. Gain of stochastic cooling system is reduced from the 
initial value 90dB to 75 dB within time constant 250 sec.

Short Bunch Formation from the Accumulated 
Coasting Beam at 3.5 GeV/u

(First Step Harmonic=24)

Initial beam parameters after Barrier Bucket Accumulation
Dp/p (rms)=4e-4 (Gaussian)
Bunch shape=Coasting beam (Uniform Random)



Evolution of Rms Bunch Length 
& Dp/p

Red: Bunch Length (rms)
Blue: Dp/p (rms)
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1. Gain of stochastic cooling system is kept constant as 80 dB.
2. RF voltage is increased from 50 kV to 500 kV (harmonic=96) 
with time constant 1 sec for the adiabatic bunching.

Final Beam Parameters after 100 sec cooling
1. Bunch length=0.275 m (rms), 0.94 nsec (rms)
2. Dp/p=5.9e-4 (rms)

Short Bunch Formation from the Accumulated Coasting 
Beam at 3.5 GeV/u

(Second Step Harmonic=96)

Initial beam parameters after 1st Step of Short Bunch Formation
Dp/p (rms)=4.01e-4 (rms)
Bunch length=0.56m (rms)



Time=0 sec

Harmonic number=96 RF field

Vrf=50-500 kV (Adiabatic increase within 1 sec)
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L. Thorndahl: Contribution to this workshop

Comparison of Results by Lars and Takeshi



Red: Gain=110 dB, 
Green: 107 dB 
Blue:112 dB 
Blue points: Measured data 

Red: t= 0sec,  
Green t=100 sec,  
Blue t=400 sec 
cooling, Gain=110 dB 

Evolution of Bunch Length

(Ref.) T. Katayama et 
al.,IPAC10 in Kyoto

Simulation Results Experimental Results
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Beam Bunching Experiment with 
Stochastic Cooling at COSY



Evolution of Rms Dp/p

Gain=80 dB cooling, With IBS effect (Red)
Gain=0 dB no cooling, With IBS effect (Green) 0.0006
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Initial increase from 6e-4 to 1.2e-3 is 
due to the bunching with re-capture of 
the beam by the 500 kV RF field. 
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Suppression of Beam Heating due to IBS 
with Stochastic Cooling (Vrf=500 kV)

3.5 GeV/u 197Au79+ , N=1e9/bunch



In the Laboratory Reference Frame, the longitudinal electric field due 
to the space charge is given by

where g is the geometric factor. From this electric field the energy 
variation of ions per unit time is derived and the synchrotron motion 
is represented by following equation.

Here the Vrf means the external RF field, Ecool the cooling effects 
and the 3rd term in the right hand side shows the space charge 
effects. Z is the charge state of ion and A the mass number.
       Particle tracking has been done with Particle-In-Cell method. 

but in the simple case, it is given by 

where a is the bunch radius and b is the radius of beam pipe.

Space charge electric field and potential
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Space Charge Effects during BB stacking of 1.5 GeV/u 
197Au79+ ion in NICA Collider



Time=100 sec

Time=1 sec

Bunch Shape (red) & 
Space charge potential (Green)
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Space Charge Effects during Short Bunch Formation of 
1.5 GeV/u 197Au79+ ion in NICA Collider

RF voltage (red) & 
Space charge potential (Green)



Summary & Outlook

1. Beam accumulation with barrier bucket system assisted 
with stochastic and/or electron cooling is proved to be 
quite useful way to obtain the required beam intensity in 
the storage ring and the collider such as HESR and NICA. 
The results of simulation and POP experiment at GSI ESR 
are well in agreement.

2. To attain the high luminosity in the collider, the short 
bunch formation has be attained with the application of 
high RF voltage and beam cooling, stochastic cooling for 
high energy and electron cooling for low energy ion. 
Careful adjustment/reduction of cooling gain is essential to 
get the short bunch length as well as momentum spread. 
The onset of instability of the short  bunch is found in the 
Lars simulation. Further study of theory, simulation and 
experiment is necessary to assure the short bunch 
formation such as 1 nsec(rms).


