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INTRODUCTION 

Historically the investigations with accelerated beams of heavy ions began with 
nuclear structure studies and with synthesis of new transuranium elements. For these 
experiments one needs ion energies, which lie slightly above the Coulomb barrier. Tandems, 
linear ion accelerators and cyclotrons were used at the early times ofresearch with heavy ion 
beams. Very soon the scientific interest broadened toward more deep and sophisticated 
experimental studies in the fields of atomic and nuclear physics and applications in cancer 
therapy. 

When the available ion energy surpassed the 1 Ge V /u threshold studies of the nuclear 
equation of states and search for very hot and dense nuclear matter and for.phase transitions 
began. 

The acceleration of heavy ions to high energies, i.e. to more than 1 GeV/u, is done by 
synchrotrons. For energies above about 10 GeV/u the fixed target mode pecomes inefficient 
and colliding of heavy ion beams must be used. 

The first synchrotrons accelerating ions, Synchrophasotron at JINR, Bevatron at 
LBNL and Saturn-II at Saclay, were proton machines converted to ion synchrotrons. The first 
two machines were weak focusing accelerators. The upgrade included improvement of the 
vacuum and buildi~g of new injectors but in spite of these measures only bare nuclei could be 
accelerated due to the poor vacuum conditions. The maximum energies were: 1.15 Ge V /u for 
Saturn-II, 2.1 GeV/u for Bevatron and 4.2 GeV/u for Synchrophasotron. All the three 
machines are already out of operation. 

After the successful demonstration that heavy ions could be accelerated in proton 
synchrotrons the AGS at BNL and the SPS at CERN started ambitious heavy ion programs. In 
BNL the emphasis was on the acceleration of gold ions up to 9 GeV/u. In CERN the so-called 
lead program was initiated. The intensity of the accelerated in SPS up to 17. 7 Ge V /u fully 
stripped lead ions reached 4. 7· 109 ions/pulse. 

Two synchrotrons specially built for heavy ion acceleration took the baton - SIS-18 at 
GSI and Nuclotron at JINR. SIS-18 accelerates all ion species up to U 73

+ to a. maximum 
energy of I GeV/u and with beam intensity as high as 4·1010 ions/pulse. Nuclotron is a 
superconducting machine capable to accelerate ions with Zp/Apr= 0.5 up to 6 GeV/u, where 
Zpr and Apr are the projectile ion atomic and mass numbers. 

The story of investigations with relativistic heavy ion beams turned over a new leaf 
with the commissioning of the heavy ion collider RHIC at BNL. Collisions of gold nuclei at 
maximum energy 2x 100 GeV/u with a peak luminosity L = 1.5· 1027 cm·2-s·1 were realized. 

Two new accelerator complexes that will accelerate heavy ions are now under 
construction at GSI and JINR. 

The Facility for Antiprotons and Ion Research or FAIR at GSI foresees building of 
two new superconducting synchrotrons: SIS-100 and SIS-300 and of several storage and 
cooler rings. FAIR will accelerate intense proton beams up to 29 GeV and ion beams with all 
ion species, including uranium, up to 34 GeV/u. The secondary beams will consist of rare 
isotopes and of low and high energy anti protons. 

The Nuclotron-based Ion Collider fAcility or NICA at JINR will provide for ion-ion 
(Au79+) or ion-proton collisions in the energy range of 1-4.5 GeV/u, polarized proton-proton 
collisions in the energy range of 5-12.6 Ge V and polarized deuteron-deuteron collisions in the 
energy range of 2-5.8 GeV/u. The collider luminosity will be 6.7xl027 cm·2-s·1

• 

Principles applied for acceleration of heavy ions are the same as those applied for 
acceleration of protons. The breakthroughs in acceleration of ions are related mainly with the 
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invention of the EBIS and ECRIS sources of intense beams of high charge states heavy ions, 
with the discovery of RFQ accelerator, with the progress made in the high current linear 
injectors and with the introducing of electron cooling technics. 

The remaining bound electrons in the multi-electron ions and the high electric charge 
of the fully stripped (bare) nuclei are the two major factors in which the acceleration of ions 
differs from the acceleration of protons. 

The multi-charged ions interact with the molecules and atoms of the residual gas in the 
vacuum chamber of the accelerator and/or with deliberately set stripping targets. This 
interactions lead to loss or capture of electrons from/to the projectile electron shell and hence 
to a jump of the projectile charge to mass ratio. The ion cannot be further guided and focused 
by the accelerator magnetic system in a proper way and is lost. 

On the other hand ion loss can produce vacuum pressure instability and pressure 
bumps, which in turn lead to more beam losses. A positive feedback could be established and 
the beam could be completely destroyed. 

The high electric charge eZµ, of the fully stripped nuclei compared with the proton 
charge has many positive and negative consequences. Here are some. 

• As the particle charge grow up the influence of the adverse space charge effects also 

increases. The coherent space charge tune shift L1Q is proportional to z/ / Ap,. High 

space charge tune shift (tiQ > 0.25) results in resonance crossing and beam loss. The 

intensity limitations are most severe in the booster synchrotron due to the low ion 
velocity at injection. The cure is to have a large acceptance of the accelerator and to fill 
this acceptance with particles as densely as possible. Methods for multiturn injection with 
stacking in all the three-horizontal, vertical and longitudinal phase spaces have been 
developed. For a small machine like a booster synchrotron the use of large acceptance is 
cost-reasonable. 
• The beam rigidity B p is inversely proportional to the ion charge. Increasing the ion 

charge you reduce the power necessary for acceleration to a given kinetic energy. On the 
other hand the less the ion charges the higher space charge limit. Hence a compromise 
must be worked out. 
• In heavy ion colliders the luminosity and the beam lifetimes are dominated by 
intrabeam scattering. The intrabeam scattering phenomenon leads to particle loss out of 
the RF buckets and to an increase of the transverse beam emittances. This reduces the 

luminosity of the collider. The intrabeam scattering effect scales as z/ /A/. 

This book is devoted to the problems of acceleration of heavy ions to relativistic i 
energies. Both ion synchrotrons and ion colliders are considered. The emphasis falls on the 
physical processes that make the acceleration of heavy ions something different from the 
acceleration of other particles. The specific features of the main accelerator systems in the 
case when the accelerated particles are heavy ions are discussed in details. 
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Part I. BASIC PRINCIPLES AND PHYSICAL PROCESSES 

1.1. VARIANTS OF A HIGH ENERGY HEAVY ION ACCELERATOR COMPLEX 

1.1.1. General Remarks 

A high energy heavy ion accelerator complex consists of ion source and of several 
accelerators, connected by beam transfer lines. 

It was already pointed out that when accelerated ions are in high charge state the 
energy gain per tum and the final energy of the accelerator are higher. The accelerator 
becomes more compact and sufficiently cheaper. 

In view of the interaction with the residual gas and related beam losses it is preferable 
to accelerate bare nuclei than ions in intermediate charge state. However it is very difficult to 
produce intense beams of fully stripped heavy ions by the existing ion sources. 

That is why in a high energy heavy ion accelerator complex the ions are stepwise 
ionized while they move along the chain of accelerators. To do this we let ions to pass 
through gaseous targets or thin solid foils. The process is known as ion stripping. 

It is the ion source that lies at the root of the accelerator complex. That is why we will 
start with a short review of the sources of heavy ions. 

1.1.2. Sources of Heavy Ions 

One of the main factors that determine the structure of a high energy heavy ion 
accelerator complex is the choice of the ion source. The heavy ion sources that are nowadays 
in operation are listed in Table 1. 

Table 1. Sources of uranium ions 

Charge state of 
Ion source delivered uranium Beam current, emA Pulse length, µs 

ions, i 
MEVVA-GSI 4 15 500 

VENUS-LBNL 30 0.240 de 
EBIS-BNL 30 2.4 10 
ESIS-JINR 90 7.2 10 

• Vacuum Arc Ion Sources. These are sources of ions in low charge state, i, but with 
high ion beam intensity. The ion intensity can reach up to 0.25Aµ,/i in emA, Apr being the 
projectile mass number. Vacuum arc ion sources are widely used in the GSI heavy ion 
accelerator complex. The achieved in GSI beam currents lie above the space charge limit of 
the injector RFQ section. Vacuum arc ion sources are relatively simple. They need neither 
gyrotron amplifiers nor superconducting magnets. The pulse length is long enough, 500 µs or 
more, which allows for a kind of multiturn injection into synchrotron to be realized. 

In GSI the multi casp ion source MUCIS is used for gaseous ions (deuterium, helium, 
argon, xenon etc.)- [1]. For example Ar1

+ beams with 38 emA current were produced. 
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Fig. 1. MEtal Vapor Vacuum Arc ion source MEVVA at GSI, Darmstadt- [2] 

For metal ions the Metal Vapor Vacuum Arc ion source MEVVA - Fig. 1 has been 
developed - [2]. It provides uranium beams with typical total current of 24 emA and the 
fraction u4+ reaching a rate of 67%. The new modification of MEVV A ion source, named 
V ARIS, can generate even more intensive uranium beams. With arc current 700 A at 30 kW 
and a careful tuning of the extraction system the analyzed U4

+ current has reached 25 emA. 
• Electron Cyclotron Resonance Ion Source, ECRIS. ECRIS was suggested by 

R. Geller. It is able to generate high current, medium charge state beams. The ion source 
operates at de or long pulses (-200 µs) modes. The latter mode is called "afterglow" mode 
and deliver larger intensity. The ion sources of ECRIS type are very reliable and stable in 
operation. The recent improvements are related with raising the RF frequency and the strength 
of the magnetic field applying a gyrotron amplifier and superconducting solenoidal and 
hexapole radial cusp magnetic fields. 

Fig. 2. ECRIS VENUS at LBNL, Berkeley- [3] 

The developed in LBNL superconducting ECRIS VENUS utilizes a commercially 
available 10 kW - CW, 28 GHz gyrotron amplifier and has a peak magnetic field of 4 T - [3]. 
It can produce 240 eµA U30

+ or 5 eµA U48
+ beams. 

• Electron Beam Ion Source, EBIS. EBIS produces ion beams in highest available 
charge states. The ion source was developed at JINR by E.D. Donets. For EBIS the total 
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extracted charge per pulse is independent of the ion species and of the ion charge state. The 
charge state distribution is narrow. Typically the desired charge state rate is about 20% of the 
total current. EBIS produces short pulses of high current and is well suited for single turn 
injection into synchrotrons but not for multirum injection. 

The recent advantages made in BNL have used an electron gun with 10 A electron 
beam current and a 0.7 m long trap- [4]. A beam of Au32+ ions with 550 eµA in 15 µs pulses 
has been produced. BNL EBIS could also deliver beams ofU30

+ ions with intensity 5· 109 ions 
in 10 µs pulses. The time between the successive pulses is 100 ms. This source uses a 5 T 
superconducting solenoid. 

Fig. 3. Test EBIS at BNL, Brookhaven - [4] 

By using of electron reflectors E.D. Donets in JINR succeeded in formation of 
electron strings with high linear electron space charge density, which could be used for 
effective production of highly charged ion beams. He called this modification of EBIS -
Electron String Ion Source, ESIS - [5]. In the first tests with JINR "Krion-2", converted to 
ESIS type ion source, Ar16

+ beams with current up to 150 eµA in 8 µs pulses have been 
produced. The ESIS ion source could produce beams of Au31

+ and Au49
+ with an intensity of 

2· 109 ions in 7µs pulses with repetition rate up to 50 Hz. 

• Laser Ion Source, LIS. Laser ion source is also worth mentioning. It delivers short 
(few µs) intense ion pulses and could be used for single tum injection into synchrotrons. 
A CO2 laser is usually applied. Recently a collaboration between ITEP and TRINITI from 

27+ 
Russia and CERN succeeded in generating of Pb ion beams with total extracted current of 
20 emA, a pulse width of several µsand repetition rate 1 Hz. A 100 J, 15 A, 30 ns CO2 laser 
was used in this LIS. 

To sum up - from the point of view of injection and acceleration in synchrotrons we 
could distinguish three groups of ion sources (Fig. 4): 
- Sources of single charged ions or of ions in very low charge state, but with highest 

intensity, which is reached by now; 
- Sources of medium charged ions with medium beam current; 
- Sources for ions in highest charge states, which are reached by now, but with lower beam 

current. 

9 



I 
Ee,eV 

105 

104 

103 

102 

10 

106 

Ion sources 

108 

Highly charged 
ions 

low current 

1010 1012 
-3 ner:c, cm . s 

1014 

Fig. 4. Different types of ion sources. On the horizontal axis the product of electron density 
and confinement time is shown on the vertical axis the electron energy is shown 

Three main approaches to the acceleration of heavy ions to high energies could be 
distinguished. 

1.1.3. Variant oftlte Higlt E11ergy Heavy 1011 Accelerator Complex witlt a Higlt Current, 
Low Cltarge State Injector 

The basic idea is the use of an intensive source of ions in low charge state - Fig. 5. 
Acceleration of low charged ions by linear accelerators require high accelerating voltage and 
as the voltage gain is limited (4.2 MV/m in the GSI IH-DTL) the length of the linac becomes 
large. The linear injector must be split to two parts with a stripping section between them. In 
this way you increase the ion charge state at as low energy as this is possible. Large particle 
loss due to the bad stripping efficiency at low projectile energy is the price you must pay. 

As the pulse length of the used ion sources is large (500 - 1000 µs) a multitum 
injection into the booster synchrotron with big number of injected turns could be realized. 

Gas stripper- I 

Ion source -
high Intensity, --+ RFQ ~ DTL-1 DTL-2 

low charge stat, 

- Main Booster synchrotron 
I 

C - foil stripper - 2 

Fig. 5. Variant with a high current, low charge state injector 
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This approach to the high-energy heavy-ion acceleration has been developed for many 
years in GSI - [6,7] - Fig. 6. A multicasp ion source for gaseous ions and a metal vapor 
vacuum arc ion source for metal ions are used. These sources deliver intensive beams of low 
charged ions. 

MEVVA . 

ISmA 

UNILAC u:?tl+ 
ll.4MeV/u 

SIS- 18 

~ _I_Hlina~J 

.c 
9tl\1V 

s 

un• ,- SIS-18 

4mA 

U" 
l.4MeV/u 

u"· 
IGeV/u 

5·10"ppp 

Str. 

~ 

U"' 

Fig. 6. Acceleration of uranium ions in SIS-18 synchrotron at GSI, Darmstadt 

The first section of the GSI high current linear injector is a 36 MHz, 9.4 m long, RFQ 
structure, working in Huo mode - [8]. This first section accelerates the ions up to 120 keV/u. 
It is followed by a 20 m long 1H drift tube linac. This IH0DTL further accelerates ions to 
1.4 MeV/u, an energy that is high enough for a N2 - jet stripper to be applied. The gas stripper 
raises the ion charge state from U4

+ to U28
+. Energy 1.4 MeV/u is too low energy and the 

stripping efficiency is only 12%. This is compensated by the high intensity of the source 
(15 emA for u4+). 

The famous UNILAC then takes the baton. It pushes ions up to 11.4 MeV/u. At this 
ener~~ a C - foil stripper can be applied. This second stripper raises the ion charge from U28

+ 

to U +. The reported stripping efficiency is 15%. Energy of 11.4 MeV/u is high enough to 
guarantee small residual gas losses in the SIS-18 synchrotron. 

Fig. 7. The synchrotron SIS-18 at GSI, Darmstadt 
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At present at GSI a new accelerator facility which will provide experiments with high 
energy and high intensity proton and heavy ion beams is under construction. The new facility 
is named FAIR - [9-1 OJ, which is abbreviation from Facility for Anti proton and Ion Research. 
FAIR consists of two separate superconducting synchrotrons SIS-100 and SIS-300 with equal 
circumferences and placed on top of each other plus a number of storage rings - Fig.8. The 
existing accelerator complex SIS-18 will serve as injector for FAIR accelerators. 

Main parameters of FAIR are listed in Table 2. 
The superconducting synchrotron SIS-100 will accelerate heavy ions (U28

+ for 
example) up to 2.7 GeV/u with intensity of 1·1012 ions per pulse. These beams will be used 
for the production of secondary beams of radioactive ions. SIS-100 will accelerate also 
protons up to 29 GeV with an intensity of 2.8· 1013 protons per second. These protons will be 
used for the production of intense anti proton beams. In SIS- I 00 superferic superconducting 
magnets with maximum field 2T and ramp rate 4 Tis will be used. SIS-300 will be applied for 
the acceleration of fully ionized U92

+ ions up to 34 GeV/u. In SIS-300 superconducting 
magnets with two-layer cos0 coils will be used. The maximum field of these magnets will be 

6T and the ramp rate l T/s. The circumferences of both machines are C = 2n·50 m, so the 
beam rigidity in SIS-100 is Bµ =lOOT·m and in SIS-300 it is Bµ =300T·m. The upgraded 
synchrotron SIS-18 will serve as a fast booster for SIS-100. In booster mode SIS-18 will work 
with dipole ramp rate of 10 T/s. This means a repetition rate of2.7 Hz for heavy ions and of 
4 Hz for protons. 
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Fig. 8. FAIR at GSI, Darnstadt-[10] 
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Table 2. Main parameter of FAIR synchrotrons and storage rings- [10] 

Ring Circum- Beam Beam Energy Specific Features 
ference rigidity [GeV/u] 
[m] [T·m] 

Synchrotron 1083.6 100 2.7 foru·•• Fast pulsed superferric magnets 
SIS100 29 for protons up to 2 T, 4 T/s, 

bunch compression to ---60 ns of 
5-1011 U ions, 
fast and slow extraction, 
5-10-12 mbar operatina vacuum 

Synchrotron 1083.6 300 34 GeV/u U"' Pulsed superconducting cose-
SIS300 magnets up to 6 T, 1 T/s, 

slow extraction of - 3-1011 U-ions 
per sec. with high duty cycle, 
5-10·12 mbar operating vacuum 

Collector Ring 212 13 0.740 for Acceptance for anti protons: 
CR Nq=2.7 240 X 240 mm mrad, 

3 for antipro- .6.p/p=±3x102
, 

tons fast stochastic cooling of radio-
active ions and antiprotons, 
isochronous mass spectrometer 
for short-lived nuclei 

Accumulator 245 13 0.740 for Accumulation of antiprotons after 
Ring RESR Nq=2.7 pre-cooling in the CR, 

3 for antipro- fast deceleration of short-lived 
tons nuclei, ramp rate 1T/s 

NewExperi- 222 13 0.740 for Electron cooling of radioactive 
mental Storage Nq=2.7 ions and antiprotons with up to 
Ring NESR 3 for antipro- 450 keV electron-beam energy, 

tons precision mass spectrometer, 
internal target experiments 
with atoms and electrons, 
electron-nucleus scattering facil-
ity, 
deceleration of ions and antipro-
tons, ramp rate 1 T/s 

High-Energy 574 50 14 Stochastic cooling of antiprotons 
Storage Ring up to 14 GeV, electron cooling of 
HESR antiprotons up to 9 GeV; 

internal gas jet or pellet target 

The current variant of the BNL-RHIC heavy-ion collider- [11-13] could be attributed 
to this approach as well - Fig. 9. 

At the root of the ion path is a sputter source of Au-' ions. These ions are pre­
accelerated by a tandem Van de Graaff accelerator to l MeV/u. The beam pulse consists of 
5.4xl09 ions and is 530 ms long. Then ions are stripped to Au32

+ and injected into the AGS 
circular injector-booster. In AGS booster a sophisticated multiturn injection with staking the 
particles in both horizontal and vertical phase planes via coupling of betatron oscillations is 
used. This allows injecting 40 turns with 65% efficiency. The efficient painting of horizontal 
and vertical phase planes is possible because of the very small emittance (l1t mm·mrad) of the 
tandem beam. Due to the X-Y coupling the stored intensity is increased by a factor 50%. 

13 
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Fig. 9. Acceleration of gold ions in the BNL accelerator complex at Brookhaven 

In the booster the Au'2
• ions are accelerated to 100 MeV/u, extracted and stripped for 

a second time to Au11
•. As the circumference of the booster is ¼ of this of the AGS 

synchrotron, four booster cycles are successively injected in AGS. 
In AGS synchrotron the Au 11

• ions are pushed up to the RHIC injection energy of 8.6 
GeV/u. The intensity of the ion beam after AGS is l.lx109 ions/bunch. The energy 8.6 GeV/u _ 
is high enough for efficient stripping to bare, Au 79

•, ions which is necessary for long-time 1 

(typically 10 h) storing in the two collider rings. 
Relativistic Heavy Ion Collider or RHIC consists of two independent superconducting 

rings labeled blue and yellow rings - Fig. 10. RHIC can collide fully stripped gold-gold and 
copper-copper beams accelerated up to 100 GeV/u, deuteron-gold beams and high intense 
polarized proton-proton beams, accelerated to 100 GeV. 

~> ..... 

Fig. 10. Relativistic Heavy Ion Collider (RHIC) at BNL, Brookhaven 
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The two collider rings intersect in six interaction points (IP). The value of the 
amplitude /J-function at IPs is p* = 10 mat injection and [/=Im in collision mode. The two 
rings are filled with 56 AGS bunches. The peak luminosity is L=l.0x1027 cm-2 

• s-1 while the 
luminosity averaged over !Oh storage time is 2_0x1026 cm-2 

• s-1
• As the total Au-Au cross­

section is high the interaction rate for this luminosity is comparable to those for 
p - p collisions. 

J.1.4. Variant of the High Energy Heavy Jon Accelerator Complex with Injector of Heavy 
Ions in Medium Charge State, working in de Mode 

The only source of multi-charged ions working in de mode at the moment is Electron 
Cyclotron Resonance Ion Source or ECRlS - [14). The beam current of the state-of-art ion 
sources of this type is 200 - 400 eµA, depending on the ion species, and could be doubled in 
the pulse (afterglow) mode with 200 - 300 µs pulses. The much higher charge states of the 
ions delivered by ECRlS compared with those from vacuum arc ion source allow to drop out 
the first stripper in Fig. 6 and thus to increase the efficiency almost ten times - Fig. 11. 

ECRIS _. RFQ _. DTL _. Booster 

Electron 
cooling 

I 

C - foil stripper 

- Main , synchrotron 

Fig. 11. Variant with source of heavy ions in medium charge states, working in de mode 

On the other hand the de nature ofECRlS allows applying efficient multitum injection 
into the booster synchrotron. 

This approach to heavy ion acceleration is realized in the LHC lead acceleration chain 
- [15,16) - Fig.12. CERN's ECRlS works at 14.5 GHz in afterglow mode and produces 
beams of Pb27

+ ions with 200 eµA beam current. 
The CERN Pb program uses "Linac-3" as a linear injector. It pushes the energy of 

Pb27
+ ions up to 4.2 MeV/u. After that the first stripper increases the ion charge to Pb54

+. A 
key role in the led accelerator chain plays LEIR which serves as an accumulator ring 
increasing the beam intensity by means of a sophisticated combined multitum injection. The 
injection in LEIR covers 35 turns, with 25 effective ones. It takes place in both transverse and 
longitudinal phas~ spaces. This original method increases the stored intensity 3 to 5 times and 
simultaneously reduces the transverse emittance 3 times. After the multitum injection is 
fulfilled the stored beam is cooled down applying the electron cooling method. The cooling 
time is short - 0.ls. The fast electron cooling reduces the phase space volume of the beam and 
allows for high brightness bunches to be built by repeating of four stacking - cooling cycles. 
The ions in LEIR are adiabatically captured in two bunches and accelerated up to 72 MeV/u. 
The CPS synchrotron follows in the chain. The ions are injected into CPS by means of two 
pulsed bump magnets, an kicker magnet and a pulsed septum. The two LEIR bunches fill 
1/8 of the CPS circumference. From these two bunches new four bunches with bunch spacing 
of 125 ns, which is necessary for LHC operation, are built by change of the RF harmonic 
number and bunch splitting. CPS accelerates ions up to 5.9 GeV/u. This energy is sufficient 
for effective stripping of Pb54

+ ions to bare led nuclei, Pb82+, by 9.8 mm Al foil. Thirteen CPS 
butches are injected into SPS synchrotron and accelerated up to 177 GeV/u. 
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Fig. 12. LHC lead ion program at CERN 

Fig. 13. Low Energy Ion Ring (LEIR) at CERN 

,ed) 

The LHC led ion program envisages in the so-called "nominal ion scheme" realizing 
of lead-lead collisions at 2.76 TeV/u with peak luminosity L = l · 1027 cm·2-s·

1
• The two 

collider rings will be filled during 10 minutes with up to 592 bunches. Each bunch will 
contain 7· 107 fully striped Pb82

+ ions. In the "early ion scheme" the number of bunches is 
reduced 10 times, p* = 1 m, but the number of particles• per bunch js the same. 

f6 

J.1.5. Variant of the High Energy Heavy /011 Accelerator Complex with Injector of Heavy 
Ions i11 High Charge States, working i11 a Short Pulses Mode 

The ion source that delivers heavy ions in the highest at the moment charge states is 
Electron Beam Ion Source or EBIS. EBIS is able to produce highly charged ions of any 
species. It has the smallest beam emittance. 

With ions in high charge states the RFQ and DTL sections of the injector are more 
compact and efficient. 

EBIS is a pulsed ion source. The pulses of extracted ions are short, typically about 
10 µs. The pulse length is of the order of the booster revolution time and the single turn 
injection is the natural choice. The repetition rate ofEBIS is 1 - 5 Hz. In principle one could 
repeat the single turn injection several times stacking the particles in the momentum space. 

The accelerator chain is schematically shown on Fig. 14. 
C - foil stripper 

EBIS ~ RFQ i--. DTL ~ Booster . Main - r->" synchrotron 

Fig. 14. Variant with injector of heavy ions in high charge states, working in a short pulses mode 

Fig. 15. The superconducting heavy ion synchrotron Nuclotron at JINR, Dubna 

This approach has been applied to the JINR Synchrophasotron and after its shutdown 
to the Syncnrophasotron's successor - the superconducting heavy ion synchrotron Nuclotron 
- [17] - Fig. 15. The developed by E.D. Donets EBIS "Krion-2" can produce for example 
8 µs pulses of Ar16

+ and Fe24
+ ions with beam currents of200 eµA and 150 eµA respectively. 

The repetition rate is 1 Hz. 
Nuclotron is a sync~otron dedicate~ to accclcrntion of heavy ions that_ uses t~e 

developed at JINR superferr ffiagy11N1Jo-tllie12'1IUI~K>~agnets the magnetic field 1s 

6u:6JilfOTCRa 
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formed by an iron yoke while the coils are made of hollow superconducting NbTi cable. The 
cable is cooled with two-phase helium at 4.5K. The superferric magnets are fast-pulsed (field 
ramp up to 4 Tis) with maximum inductance of2 T. The Nuclotron ring has a circumference 
of 251.5 m and a maximum magnetic rigidity of 45 T·m. It can accelerate protons up to 
12.6 GeV and heavy ions up to 4.6 GeV/u. 

On the base of Nuclotron a new heavy ion collider is under construction at the Joint 
Institute for Nuclear Research in Dubna - [18]. The new accelerator complex is named 
Nuclotron-based Ion Collider fAcility or NICA. The main goal ofNICA is the investigation of 
the nuclear matter at extreme conditions of very high temperatures and densities and search 
for the so-called mixed phase of the strongly interacting matter. 

The accelerator complex NICA will include: new 6.2 MeV/u linac, a superconducting 
booster with maximum magnetic rigidity of 25 T·m and electron cooling, the upgraded 
superconducting synchrotron Nuclotron and two superconducting colliding rings with 
maximum magnetic rigidity of 45 T·m and systems for electron and stochastic cooling -
Fig. 16. NICA will accelerate for example intense (1. 7· 1010

) 197 Au 79
+ ion beams with energies 

between 1.0 GeV/u and 4.5 GeV/u. The collider will have two interaction points in which the 
so-called Multi Purpose Detector (MPD) and Spin Physics Detector (SPD) will be installed. 
The luminosity is expected to be 6. 7xl027 cm-2-s-1

• 

Injector: 2,109 ions/pulse of mu32
• 

at energy 6.2 MeV/u 

Collider /45 Tml 
Storage of 

17 bunches x 1-109 ions per ring 
at 1+4.5 GeV/u, 

electron and/or stochastic cooling 

Booster /25 Tml 
2-3 single-turn injections, 

storage of 3.2-109
, 

acceleration up to 50 MeV/u, 
electron cooling, 

acceleration 
up to 440 MeV/u 

Nuclotron 145 Tml 
injection of one bunch 

of1.M09 ions, 
acceleration up to 
1+4.5 GeV/u max. 

... 
' Bunch compress!on 

("overturn• in phase space) 

Fig. 16. Nuclotron-based Ion Collider fAcility (NICA) at JINR, Dubna 

An important step toward higher beam intensity was made recently in BNL. Increasing 
the electron current in a test EBIS up to 10 A and improving the ion confinement the BNL 
team succeeded in producing Au35+ beams with 3·109 ions/pulse. This success encouraged the 
BNL specialists and they have proposed to replace the Tandem injector with a combination of 
EBIS, RFQ and short linac - [19] -Fig. 17, , .. · ' 
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Meanwhile E. D. Donets developed at JINR a source of heavy ions of new type - the 
Electron String Ion Source or ESIS - [20]. The hopes are that with a 12 T superconducting 
solenoid this source will be able to produce beams of ions with mass number A from 130 to 
238, in high charge state (ZJA from 0.42 to 0.38), and with high intensity (l · 10 10 

- 5· 10
9 

ions/pulse). ESIS will be used in the heavy ion collider NICA. 

I.2. PHYSICAL PROCESSES TYPICAL FOR HEAVY ION ACCELERATORS 

1.2.1. Interaction wit!, Residual Gas and Stripping Foils 

When the ion beam moves in the accelerator the multielectron ions interact with atoms 
and molecules of the residual gas or with those in solid or gaseous targets, deliberately 
introduced in their path. These interactions include elastic and inelastic processes: single and 
multiple Coulomb scattering, processes of electron loss and capture and processes of 

!I excitation and ionization of target atoms and molecules. The loss or capture of electrons by 
fast moving ions results in the change of ion charge and hence leads to beam loss. The 
multiple Coulomb scattering has as a consequence an increase of transverse emittance. 
Spending of ion kinetic energy for excitation and ionization of target atoms increases the 
relative momentum spread. 

In this chapter a brief description of all these processes is given. 

1.2.1.1. Electron Loss 

This is a process of loss of electrons in ion-atomic collisions - Fig. 18. The figure of 
merit is the so-called atomic velocity v0 =e2/h=ac=2.19·106 mis, where a=l/137 is the fine 
structure constant. In fact v0 is the velocity of an electron in the first Bohr's orbit. 
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Fig. 18. Process of single electron loss in ion-atomic collisions 

According to Bohr's criterion when an ion penetrates through matter it retains only 
those electrons whose orbital velocity u is greater than the ion velocity v=fic. For hydrogen­
like particles with charge of the nuclei eZpr the mean electron orbital velocity is u=Zprvo. For 
such a hydrogen-like ion the electron loss cross section has a maximum for v=u. 

When the ionization is due to atoms instead of nuclei the screening of the nuclear 
charge by the shell electrons leads to smaller ionization cross section. 

Let a;,,+ 1 be the cross section for loss of single electron by a multielectron ion being in 

charge state i. 
The classical Bohr's formula- [21] predicts: 

4 ~ z2 +Z- c'·c )~ a.·+· - rra 0 2 , 
•.• • Zi;y L' 

(1) 

where: Zpr is ion atomic number, z, - target atomic number, Vo - atomic velocity unit, 

a
0 
= t? I mec2 = 0.529.10- 10 m - radius of the first Bohr electron orbit. 

This formula is valid for projectile kinetic energy per atomic mass unit T"' which 

satisfies the condition: 
T., > C.05Z~. , MeV /u (2) 

and for z, not much larger than Zpr• For uranium ions the condition (2) reads: Tn > 420 MeV/u. 
V.S. Nikolaev et al. - [22] have introduced the following correction factor to the 

Bohr's formula: 

where: 

Z V0 , 
[D-( ;v ) ], 

z2 
D = ___f!!_ 

2z,2 
for zp, < l 

z, 4' 

(3) 

T 

3z r 3 z r D=_r_ for -=,;-P-<4, (4) 
8z, 4 z, 

D = 1 + 0.561n{min[( 1.6v ),( =r, )]} for =r, > 4. 
zprvo 2z, z, 

This formula is valid for T" > 0. IZ /, MeV/u for particles with Zp,<Z,!✓2 and for 

T,, > 0.22/, MeV/u for ions with Zp,>Zi/✓2. 
There is no satisfactory quantitative theoretical description of the electron loss and 

capture cross sections. These cross sections depend sharply on the projectile velocity and as 
well on the atomic numbers of the projectile and target atoms and on ion charge state i. 

Also there is lack of sufficient amount of experimental data on ionization cross 
sections for high energy highly charged states heavy ions. 
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Most reliable approach to estimate the cross sections is the direct measurement. 
However it is difficult to measure cross sections before the accelerator is built because you 
need ion species at the specified energy range. The available data are for the energies reached 
in heavy ion cyclotrons and in GSI and BNL accelerator complexes. 

Analyzing the experimental data B. Franzke has proposed a semiempirical formula for 
the electron loss cross section by fast ions - [23], which received big popularity: 

a = 3 5 10-:g~(o -igz:,,) .-.:, (~y)_ 4 

'-1: :..-: • •• • iir.,.\ i- 1 -:. ·.:-r~.. ' (5) 

where qr, and q, are the equilibrium charge states of the projectile and target ions and y and 

P- the relativistic factors. For the equilibrium charge Franzke used the formula: 

127/J 

q = Z(1-e-z 0 •'). (6) 

A comparison between the experimental data and Franzke's formula are given on 
Fig. 19 for 4.66 MeV/u Pb54

+ and in Table 3 for 3.5 MeV/u and 6.5 MeV/u U28+ ions. 
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Fig. 19. Electron loss cross section for Pb54
+ ions at 4.66 MeV/u. The dots are the 

experimental results and the solid line is the result obtained by the Franzke's formula - [24] 

Table 3. Comparison of the experimental cross sections and Franzke's formula. 
The cross sections are in 10·13 cni/atom - [25 J 

U""+ Target Experiment Franzke 
3.5 MeV/u H2 1.62 4.0 

N2 22.52 26.9 
Ar 45.38 58.9 

6.5 MeV/u H2 1.14 0.85 
N2 14.69 5.89 
Ar 33.15 13.80 
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I.2.1.2. E/ectro11 Capture 

Several processes contribute to the electron capture: 
Direct Electron Capture (DEC). DEC is relevant for fully stripped and not too heavy ions and 
target atoms. The process is also known as direct Coulomb capture and can be described as: 

Zvr + (Zt + e) - (Z11r + e) + Zt. (7) 

The electron capture takes place mainly for projectile velocities v=Pc which are close 
to the orbital velocity of the target electron u. Due to this velocity matching the capture of· 
K-shell target electrons into the K-shell of the projectile ion prevails. In DEC there is no 
photon emission. The process is important for low projectile energies. For completely stripped 
heavy ions in the MeV/u range the cross sections are in the order of 10·27 

cm
2
/atom. 

A simple approach to describe the non-radiative electron capture cross section is the 
Oppenheimer-Brinkmann-Kramer or OBK theory - [26], written for hydrogen-like states. 
According to OBK the cross section for bound electron capture is given by: 

ace= 

, ., ,.. 219 _ 'l ~ ~ ~ Jo 
0 .• 9.>. 

3 
"a 0 Z:,rZr (,,2 J -~ 

t•'2 ,,2 _____,___ • 
:;::;-+(Zpr+Zr J1 l 3 [~+rZ:,r-Zr 12 f• 

C, C, 

(8) 

The non-radiative electron capture occurs mainly at the velocity matching condition 
Vpr;::, u, u being the velocity of the captured electron, bound in the target atom. For Vpr >> u: 

zszs 
(J,,>iRC 1X t pr 

1,111 
(9) 

For high projectile energies electronic velocity matching becomes not probable and radiative 
electron capture takes place. 

Radiative Electron Capture (REC).REC dominates at high projectile energies when the 
electrons bound in the target atoms can be considered as free. The excess of energy is radiated 
as a photon - Fig. 20 or schematically: 

Zpr+e-> (Z-1)pr+itw. (10) 

A theoretical estimation of the REC cross section is given by the formula, derived by 
Oppenheimer - [27]. Speaking qualitatively the REC cross section grows quickly with Zpr and 
decreases rapidly with the projectile velocity: 

ZcZir 
aREC 1X -.s-. (I I) 

•vr 

REC cross sections for fully stripped uranium ions are in the order of 10·
22 

cm
2
/atom. 
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Fig. 20. Radiative Electron capture (REC) 

Similar to REC is the Radiative Recombination (RR), which is the process of radiative 
transfer of bound electron from the target atom to the projectile. 

Dielectronic Recombination (DER). DER is a resonant process in which the excess of energy 
is used to excite an electron in the projectile ion - Fig. 21. DER takes place in beams of not 
fully stripped ions. At resonant energies cross sections of DER can be compatible to those of 
REC at low velocity. 

continuum 

bound 

I ~es 
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Fig. 21. Dielectronic Recombination (DER) 

Between empirical formulas for single electron capture cross sections the best 
approximation gives the Schlachter's scaling rule - [28]. The accuracy of this empirical rule 
for ions from He to U and energies from 100 keV/u up to 10 MeV/u is higher than one order 
of magnitude. This is the reason why the Schlahter's rule has gained a big popularity. This 
rule is expressed by the equation: 

- = 1.1,:_ 10-
8 

(l - -0.037 i!'·' )(l - -2.44-io-' l") 
a cap E4.s e e , 

where the reduced energy E is given by: 

E=-E-
4-2si(),'7 

and the reduced capture cross section if cap is given by: 
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(12) 

(13) 



i being the projectile charge state. 

;:, _ acar,,z1-11 

Vcap _----L 
,Ii ' 

(14) 

A comparison between the experimental data and Schlachter's empirical scaling rule 
for Pb54

+ ions at 4.66 MeV is shown on Fig. 22. 
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Fig. 22. Single electron capture cross section as a function of the atomic number of the target 
gas for 4.66 MeV Pb54

+ ions. The solid line represents the Schlachter's empirical scaling law 
and the points - experimental and theoretical results - [24] 

1.2.1.3. Interaction with the Residual Gas and Beam Lifetime 

When ions collide with the residual gas atoms and molecules in the vacuum chamber 
of the accelerator, abrupt changes of the ion charge state lead to beam loss. 

In synchrotrons the energy gain per turn t:,.T,um is proportional to the ratio i / A , i pr 
being the projectile ion charge state and Apr - the projectile mass number. The heavier ion and 
the lower its charge state the slower goes acceleration. Thus for U~~; ions (GSI) ii Apr= 0.042; 

for Au;~; ions (BNL) i/Apr = 0.167; for Pb;~; ions (CERN) ii Apr= 0.26; for U~;; ions (GSI) 
ii Apr= 0.30, while for protons this ratio is equal to unit. 

As a rule the heavy ions need much more time to reach the maximum energy of the 
machine. 

While for protons the interaction with the residual gas consists in Coulomb scattering 
and in excitement and ionization of atoms for heavy ion beams the major process is the 
process of charge exchange. 

Above 20 MeV/u the loss of electrons (stripping) prevails over the electron capture. 
For synchrotrons accelerating heavy ions the injection energy is usually much lower 

than the injection energy in proton machines. For low energy of the ions however the cross 
sections for charge exchange are high. Thus for 10 MeV/u U or Pb ions the charge exchange 
cross section is of the order oflo-16 cm2

• 

The standard multitum injection with stacking in horizontal phase space takes 
relatively small time. For example SIS 40-tum injection of U~;; at 11.4 MeV/u lasts about 
200 µs. On the contrary RF stacking in longitudinal phase space takes much more time. Thus 
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the RF injection into TSR storage ring in Heidelberg, which covers 25 cycles, lasts about 
250 ms. In the BNL-EBIS project the injection of 4 EBIS pulses in the longitudinal phase 
space of the AGS booster is supposed to take about 450 ms. Hence in the case of RF stacking 
the vacuum related beam loss will be much higher. 

The beam lifetime is given by: 
1 
; = vpratotn, (15) 

where a,01 is the total charge changing cross section in cm2/atom and n is the gas density in 
atoms/cm3

• 

n = 9.6!:i6.101AE_, 
T 

where pis the residual gas pressure in Torr and T - absolute temperature in Kelvin. 

(16) 

It follows from (15,16) that the one revolution transparency of the accelerator at 20°C 
is given by: · 

D = exp (-3.293.10 16patotL), (17) 

where L is the accelerator circumference in cm. 
We should take into account that the total charge exchange cross section a101 in (17) is 

a function of projectile nuclear charge Zp,, target (i. c. residual gas) nuclear charge z, and 
projectile velocity Vpr at the specified point of the accelerator cycle, a101 =a,o,(Zpr. z,, Vpr)-

In a mixture of gases, which is the case of residual gas in accelerators, the beam 
lifetime and the accelerator transparency are sums of the partial beam lifetimes and 
transparences: 

_1_=_1_+_1_+_1_+ ... 
rror rH2 •co2 'IV2 (18) 
D = DH2 + Dco2 + DN2 + .,. 

The lifetime of Pb53+ ion beam in CERN PSB is shown on Fig. 23 as a function of ion 
energy - [29]. 

Charge exchange processes Beam ions - Rest gas molecules 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

WPb-Linac = 4.2 MeV/u into the CERN PSB 

0 20 40 60 80 

Ekin• MeV/u 

Fig. 23. Lifetime of Pb53+ ions in PSB - [29] 
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Vacuum induced beam loss has been measured in all the existing heavy ion machines. As an 
example we will give here the results obtained in the BNL Booster - [30]. In this accelerator the 
vacuum related beam loss has been measured at two different vacuum conditions: the normal 
operating pressure of 3· l 0-11 Torr with over 700/4 H2 and for pure vacuum of 1 · l 0-9 Torr with 50% 
Ar and 35% CI-Ii - Fig. 24. The beam consists of Au33

+ ions and the acceleration cycle lasts 500 ms. 

100 1 !'\---------- I 1000 
Calculated 

IV !VII 

.f' 80 
t:! i:: 

u 0 

.5 100 -n 
;:s 

E 60 i:: 

"' 
~-

u :> 
..0 u 
-0 ~ 
u -~ 40 

>, 
,; e:i 
E ""- 10 ~ 
0 .l.l 
z 

20 
I I I . 10-9 Torr -----Calculated 

I 
0 100 200 300 400 500 600 

Booster acceleration cycle, ms 

Fig. 24. The fraction of survival Au33+ beam during the BNL Booster cycle at vacuum levels 
of 1 · l 0-9 Torr and 3· 10-11 Torr - [30] 

I.2.1.4. Evolution of the Jon Charge State; Equilibrium Charge State Spectrum 

As the cross sections for loss and capture of one electron is much larger than the cross 
sections for loss and capture of two and more electrons the process of change of the initial ion 
charge io to the final spectrum of charges iJ, i2, .... , is a process of gradual change of the ion 

charge - Fig. 25. 
F; 
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i!l. = 6 
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/, 1016 atom/cm2 

Fig. 25. Evolution of charge state spectrum with the target thickness. Data are for nitrogen 
ions with initial velocity v=3.6v0• Solid lines are for celluloid foil, dashed lines - for gaseous 

nitrogen targets - [31] 
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One must take into account that the electron capture cross sections are much less than the 

electron loss cross sections. For Zp,2: 7 and Ep, ~0.lZ/ ,MeV/u we can find that: 

1 
Uz,z 1 ~ 8J:. 1,.r · (19) 

Going deeper and deeper in the target the mean charge of the ion beam is approaching 
fluently its equilibrium value - Fig. 26. 

i~---------------~ 
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icq = 3.69 
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Fig. 26. Evolution of mean charge with the target thickness. The data are for nitrogen ions 
with initial velocity v=3. 6v0 • Solid lines are for celluloid foils, dashed lines - for gaseous 

nitrogen targets - [31] 

Let <P;(t) be the yield of ions in charge state i, after traversing a target with thickness t, 
atoms/cm2

, so that <P;(O) represents the initial distribution of ions on charge states. 
For a monochromatic beam penetrating through matter the change in the charge state 

distribution is described by the following set of ordinary differential equations - [32]: 

<id:I = _Ek4>k0'1,1-4>1.Ekolk• i = 1,2, ... ,N , (20) 

where <J;k, with i =f. k, is the total cross section for changing of the ion charge from the initial 
value i to the final value k, due to the processes of electron capture and loss. 

As the target thickness t increases the charge state spectrum <P;(t) changes quickly 
toward an equilibrium charge state distribution F; , which does not depend on the target 
thickness t and on the initial distribution of ions on charge states <P;(O). The equilibrium 
thickness t,q depends only on the projectile velocity vp, and on the nuclear charge Zp, of the 
projectile ions and on the target species z,. 

The equilibrium charge state spectrum F; is a solution of the following system of 
algebraic equations: 

£re F"u"' -F, .I:1:"'ik - 0, i - 1,2, ... ,N . (21) 
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The equilibrium charge state spectrum is determined by the relations between the 
electron loss and capture cross sections at the specified beam energy. For the applications it is 
important that it does not depend on the initial ion beam charge io. 

The equilibrium thickness teq increases slowly with Vpr. 

Along with the charge state distribution the mean charge T and the width of the 
distribution or standard deviation d tend to equilibrium. 

If T is not too close to 0 or Zpr the equilibrium charge state distribution F; can be 
approximated by a Gaussian: 

p,. _ 1 _(t-1)2 
i - ✓2rrd2 e z"T. (22) 

This distribution has two parameters: equilibrium mean charge T and equilibrium 
standard deviation d. 

H.H. Beckman and H.D. Betz - [33] have proposed a semiempirical formula for i , 

which gives good results for gaseous strippers and for TI Z pr > 0.3, i.e. for high projectile 

energies: 
- V 
i = z pr (1 - exp(-~)) 

v0 zpr 

(23) 

In solids the atomic density is much higher than in gases. Hence in solids the time 
between two successive collisions of the projectile becomes shorter than the exited level 
lifetime and the exited ion fails to decay to its ground state before the next collision to occur. 
Moreover, due to the small interatomic distance in solids the excited states of the ion with 
high principal quantum number n are not allowed. These circumstances lead to an increase of 
the mean charge and of the equilibrium thickness in solid foils compared with gaseous targets 
-Fig. 27. 
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Fig. 27. Mean charge states ofU86+ ions at 55.5 McV /u passing through gaseous and solids as 
a function of the target atomic number z,. - [34] 

According to measuremenis - l35 J the projectile energies, necessary to reach 80% 
yield of bear ions in passing through Al foils arc: 570 MeV/u for Au and 1.1 GeV/u for 
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U species - Fig. 28. The equilibrium thicknesses of the Al foil are 210 mg/cm2 and 360 
mg/cm2 respectively. Half of these thicknesses will still provide 65-70% bare ions. 
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Fig. 28. Fractional yields of bare ions in Al foil as a function of projectile energy (the dashed 
line indicates 80% yield level) - [35] 

V.S. Nikolaev and LS. Dmitriev - [36] have proposed a semiempirical formula for 
mean charge in solid strippers: 

T = z [1 + (·-v -r1.,;7 ro.6 
p-r iz~/•, , (24) 

where v'= 3.6·108 crn/s. 
For standard deviation V.S. Nikolaev and LS. Dmitriev - [36] have proposed the 

expression: 

~

-, 1,67 

d = 0.5 If (1- ~) ) · 
r,r. 

(25) 

For sufficiently high ion energies only two charge state fractions <P=-f and <Pz prevail 
and should be taken into account. Experiments show that for projectile energies greater than 
T,, ~ O.l 7Z/ the contribution of all the charge state fractions other than Zand (Z-1) is less 

than 3%. For this particular case the solution of (20) is: 

<l)j (t) = Fi + .1<1>ie-kt (26) 

where L1<l\ = <1>;(0)- F; and K = a 2 _,_z + O'z,z-1 • 

It can be found from (26) that the equilibrium thickness (with 99% accuracy) is given 
by the formula: 

4-.6 at 
t.,q = ------ , -2 

az-1_z+az.z-1 cm 
(27) 

Stripping of fast moving heavy ions is widely used in accelerator practice both for 
charge exchange injection or to increase the charge of the ions for their further acceleration -
[37]. The latter option is traditional for the heavy ion accelerator complexes. 
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In BNL accelerator complex the Au33+ ion beam accelerated in the Booster to kinetic 
energy of 192 MeV/u passes later through a 56 mg/cm2 thick carbon stripping foil to be 
stripf+ed to Au77+. The thickness of the carbon foil was chosen to give the maximum yield of 
Au +ions.The space charge spectrum after the stripping is shown on Fig. 29. The maximum 
Au77+ ion yield is 65%. 
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Fig. 29. Charge state spectrum of Au33+ ions at 192 MeV/u stripped by a 56 mg/cm
2 

carbon foil- [37] 

For producing of fully stripped uranium an energy of at least 500 Me V /u is required. 
The equilibrium charge state spectra of uranium projectiles behind Ta and Cu foils at 

two energies: 437 MeV/u and 962 MeV/u are represented in Table 4. 

Table 4. The equilibrium charge state spectra of uranium projectiles behind 
Ta and Cu foils at 437 MeV/u and 962 MeV/u 

Charge state spectrum Charge state spectrum 

Stripping foil at 437 MeV/u at 962 MeV/u 
90+ 91+ 92+ 91+ 92+ 

Ta, 85 mg/cmL 25 50 30 10 90 

Cu, 150 mg/cmL 15 40 45 15 85 

Equilibrium charge state spectra of U ions penetrating C-foils, as they have been 
measured in the GSI accelerator complex, are shown on Fig. 30. The left spectrum was 
measured at the UNILAC behind a 40 µg/cm2 thick target for energy of 1.4 MeV/u. The 
distribution depicted in the middle of Fig. 29 was obtained behind a 490 µg/cm

2 
target and at 

energy of 11.4 Me V /u. The s~ectrum displayed on the right was measured at SIS-18 
synchrotron behind a 400 mg/cm target at 940 MeV/u. 
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Fig. 30. Equilibrium charge state spectra ofU projectiles behind C-foils 

I.2.1.5. E11ergy Loss 

The mean energy loss due to excitation and ionization of the target atoms is well 
described by the Bethe - Bloch equation - [38]: 

dE = _0.31l70Zr(Zpr.)
1 

In(Zmec2!irvir), M,;,1'
2

, 

dt Ar Ppr r ofcm 
(28) 

where t is the target thickness in g/cm2
, m, - the electron mass, f)p,, 'Ypr - the projectile reduced 

velocity and energy (relativistic factors) and 7"" 13.6 z,, eV is the mean ionization potential 
of the target atoms. 

The energy loss straggling is small and could be neglected in most cases. But it must 
be taken into account in some specific circumstances. One such case is when the energy loss 
in single internal/stripping target crossing is comparable with the momentum acceptance of 
the machine. 

The statistical distribution of ionization losses is governed by Landau's, Vavilov's or 
Gaussian distribution functions depending on the projectile charge and velocity. There exist 
standard computer subroutines that calculate these functions, for example in the CERN 
computer code library. 

The ionization loss of energy plays an important role in the charge exchange injection 
as it increases the relative momentum spread. The value of momentum spread is determined 
by the spread in the number of stripping foil traversals and by the velocity and species of the 
injected ions. 

Measured energy loss of U86+ ions at 60.23 MeV/u behind Al foil are shown on 
Fig. 31 - [34]. 
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Fig. 31. Measured energy loss vs. target thickness ofan incident U
86

+ beam at 60.24 MeV/u 
penetrating aluminum foils of various thicknesses. The data are fitted with a straight line - [34] 

The real phenomenon is more complicated as starting from the initial charge state the 
charge content of the beam evolves gradually to equilibrium charge distribution as the 
particles penetrate in the foil. More precise theoretical results about the stripping force can be 
obtained by the simulating computer codes GLOBAL - [34] and ETACHA - [39]. For a 
comparison between theoretical predictions and measurements we will present here the data 
obtained for U86+ ions at 58.74 MeV/u behind a C - foil. While the theoretical stopping force 
. dE Me V . dE Me V 
1s: -- = 65.69, 

2 
, the measurements pomt out the value: -- = 66.50, 2 • 

dx mg I cm dx mg I cm 

1.2.J.6. Elastic Scattering 

The multiple Coulomb scattering of the projectile ions in the stripping foil or in the 
molecules of the residual gas in the accelerator vacuum chamber causes changes of the 
trajectory slope and hence transverse emittance growth. The transverse emittance growth 
when a beam of relativistic ions crosses a solid foil many times is one of the major limiting 
factors for the. charge exchange injection of protons and heavy ions. Multiple Coulomb 
scattering in residual gas molecules also must be taken into account especially in heavy ion 
storage rings and colliders. 

The following empirical formula can be used for mean square scattering angle of 
heavy ions passing through solid foils - [40]: 

< 0'- >= Q.250Zt(Zt+l) Z~r t 
Ac E~r 

(29) 

where 0 is in mrad, the stripper thickness t is in µg/cm2 and the projectile energy Epr is in 
MeV. 

A useful expression for the speed of increase of the scattering angle when ions interact 
with the molecules of the residual gas is given by B. Franzke - [ 41]: 
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~ (zo,) ,,Zr,r 2_1 , 
d<9

2

> = 4.s.10-'P[mtZ; ln 1 k:;1') P~rrJr 
dt Zc 

{30) 

where m1 is the number of atoms per molecule and P is the residual gas pressure in mbar. The 
formula is valid for room temperature. The speed of scattering angle increase is in rad/s. The 
values of the "target factor", given in the sqqare brackets are presented in Table 5 for 
molecules that are typical for a UHV system. 

Table 5. Values of"target factor' in Franzke's formula for the speed of scattering angle 
increase in ion interactions with the residual gas 

Molecule 2 204 
m,Z, ln(----iiJ) z, 

H2 10.6 
He 20.3 
Ne 455 
N2 485 
co 466 
02 592 

CO2 762 
Ar 1411 

From the above table it becomes obvious that the fraction of heavy atoms in the 
residual gas must be as small as possible. 

The change of the transverse RMS emittance which is caused by the elastic scattering 
is given by- [42]: 

EN= E0 + 2NP" < 02 > , (31) 

where eo is the initial emittance, fl is the value of the amplitude function at the foil and N is 
the number of foil passages . 

If the dispersion at the stripper is nonzero the ionization loss of energy, described in 
the previous point, also will cause transverse emittance growth. This kind of emittance growth 
could be evaluated by the formula: 

.{p-c = .jp•c0 + NJ(D"!J.o)2 + (D'•M)2 

or when D'' =0, !J.<5 <<I: 

E ~ Eo + ZD*x'iJNM 
p• 
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where n• and n•• are the linear and angular dispersion at the stripper, 

o = L'lpl p = (II /J2)M/ E is the relative momentum spread and x; =Jp•c0 • 

The transverse beam emittance growth is of big importance for the realization of the 
charge exchange injection in synchrotrons. 

L2.2. Dynamic Vacuum Problems 

The intensity related vacuum instability was first observed in ISR by 0. Griibner and 
R. Calder - [43]. The initial vacuum pressure in the proton-proton collider was 1.10-10 Torr. It 
was noticed that when the beam current had increased 4 A the vacuum pressure started to rise 
reaching 10-7 

- 10-6 Torr level and the beam was destroyed - Fig. 32. 
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Fig. 32. Pressure instability during beam accumulation in the ISR- [43] 

Another case of runaway type pressure rise in ISR is shown on Fig. 33. 
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Fig. 33. ISR runaway type pressure rise 
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The mechanism of this kind of pressure instability is believed to be the following -
[44, 45]. Accelerated proton beam ionizes the molecules of the residual gas. A large number 
of electrons and positive ions are created. The ionization cross section <lion in m2 for particles 
with charge eZpr, moving with velocity /J = vc and hitting a residual gas molecules could be 
estimated by the formula: 

U1011 = 1.874.10-24 ~(Ax + B) , 
fJ• 

where: A,B are coefficients, specific for the hit molecule and x = 21n(/Jy) - /32 
• 

(34) 

The positive ions are repelled by the positive space charge of the beam towards the 
vacuum chamber walls. For protons a typical beam potential is 100 V per 1 A. Hence for high 
current machines the energy of the bombarding ions can reach several hundred eVs. This 
causes desorption of tightly bound surface gas. The outgassing increases the pressure in the 
vacuum chamber of the accelerator, which in turn leads to more intensive ionization. A 
positive feedback could be created. The phenomenon is schematically depicted on Fig. 34. 

p,e+ beam 

/beam - amps 

CO2 

Fig. 34. Principle of ion induced pressure instability- [45] 

The ion induced pressure instability was one of the major factors limiting the stored 
proton beam intensity. 

For room temperature vacuum systems CO is the most dangerous component of the 
residual gas due to its large ionization cross section and to its high ion induced desorption 
yield. 

Let's look at the ion induced pressure instability in a more quantitative way. The 
outgassing flux Qin Torr·m3·s-1 for a slice dx of the vacuum chamber is: 

Q =71a!..Pd.x+q0 dx , ,, (35) 

where: 1/ is the molecular desorption coefficient, i.e. the number of molecules released for an 
ion hitting the walls; a is the residual gas ionization cross section; / - the total beam current; e 
- proton charge; P - vacuum pressure; qo - the specific thermal outgassing rate from the walls 
in Torr·m2·s-1• 

For the simplest linear vacuum system which consists of vacuum pumps with pumping 
speed Sin m3•s-1 and which are spread through a distance L the critical beam current at which 
a pressure runaway starts is - [45]: 
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,r2sco 

(1'J[)crlt = qL2 ' (36) 

where: c0 is the specific conductance of the vacuum chamber in m
4
•s·

1
• 

The formula (36) is valid for conductance limited vacuum system, i.e. when the 
pumping speed S is large and the conductance c0 is small. 

The ion induced desorption yield 11 is 11 = 1 - 8 for non-bakable stainless steel vacuum 
system and strongly depend on the ion energy. For bakable vacuum system Yf = 0.1 - 1.2 -

Fig. 35. 
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Fig. 35. Desorption yield for baked and unbaked stainless steel vacuum chamber- [51] 

The case of heavy ion machines is quite different. In proton storage rings like ISR the 
stored current is very high and the beam potential can reach up to 2 kV. On the contrary in 
heavy ion accelerators the beam f+otential is rather low. In LEIR it is about 10 V. In SIS-18 
the space charge potential for U2 + at injection energy is about 50 eV. In such a weak electric 
field the residual gas ions are not accelerated enough to produce high desorption rate. 

In spite of this pressure bumps up to 10·9 Torr have been observed in LEAR during 
continuous injection of 108 ions/s (the initial static pressure in the machine was 5.10·

12 
Torr)­

[461 It was found that the outgassing of the vacuum equipment is due to the impact of lost 
Pb5 + ions - the so-called beam loss induced pressure rise. 

Vacuum pressure instabilities were also observed in AGS - Booster - [47] and in SIS-

18 - [48]. 
In the ion collider RHIC during 2001 high-intensity Au run, when the intensity was 

raised beyond 8 • I 08 ions/bunch, pressure rises of several decades were measured - [ 49, 50]. 
The rapid pressure rises sometimes exceeded the control electronics threshold and the beam 
was aborted - Fig. 36. The pressure rise was especially prominent during I IO-bunch gold 
injection. The pressure instability was recorded in the warm sections of the ion collider. The 
designed vacuum in these room temperature regions with overall length 1.4 km is less than 
5 ·10·10 Torr. Even 5% beam loss per IO m gives rise to serious experimental background 
problems in the interaction regions. 
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Fig. 36. RHIC pressure bumps during run 2003 and run 2004. All cases are for gold beams 
and unbaked vacuum chamber - [ 51] 

There are several potential mechanisms that could cause the pressure instability in ion 
accelerators: 
• Ion induced desorption caused by the primary beam loss. In synchrotrons the largest beam 

loss occurs during injection and RF-capture. The lost primary ions hit the vacuum chamber 
walls at grazing angles of mrad or less. In such hits more than l 05 molecules can be 
released per lost ion. Indeed measurements in AGS Booster, LEAR, SIS-18 and RHIC 
show desorption rates as large as 105 and even 107 

- Fig. 37; 
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Fig. 37. Overview of ion induced desorption data obtained at BNL, CERN and OSI 

• The charge exchange of beam ions with residual gas atoms and molecules is another 
potential source of large amount of lost ions. The beam ions that had lost or captured 

· electrons leave the beam and hit the walls of the vacuum chamber at grazing angles. Such 
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grazing angle ion hits can desorb large amount of gas molecules and cause direct beam loss 
induced pressure instability; 

• The pressure rise could be caused also by an electron cloud. The electrons in a cloud 
bombard the walls and could desorb gas molecules. The phenomenon is known as electron 
multipackting. This kind of pressure instability is sensitive to bunch intensity and to bunch 
spacing. 
In the cryogenic vacuum systems molecules are cryopumped with high efficiency directly 

on the cold walls. 
The estimations made for LHC - (52], pointed out that the critical beam current is: 

,r - tr 
('tJI)crit = ;-vsrp;; ' (37) 

where: v is the mean molecular velocity, s is the sticking probability of molecules on the 
walls, a- the ionization cross section, rp- radius of the cold beam pipe. 

For s = I the critical current becomes very large, in the order of kA. However this 
optimistic value can be reduced to a great extent by condensed gas, especially H2, 
accumulated on the cold bore, which can produce molecular desorption yield up to 
I 04 molecules per ion. 

The following measures could help to cope with vacuum pressure instability: 
Very strict choice of materials and vacuum pumps; use of distributed pumping; 
negligible amount ofleaks in the vacuum chamber, 

- Surface cleaning of the vacuum chamber walls by means of argon glow discharge, 
Provision for bakeout in place up to 200° C for 24 h~ 

- Beam scrubbing, 
- Use at strategic locations of low outgassing materials as noble metal coatings or thin· 

evaporated films of titanium, 
Distributed pumping by ribbons of Non-Evaporable Getters (NEG) for increase the 
local pumping speed, 

- Cooling of vacuum chamber walls. 

1.2.3. Intrabeam Scattering 

The intrabeam scattering (IBS) phenomenon consists in multiple small-angle Coulomb 
scattering of particles within relativistic beams. The random addition of a large number of 
small angle scatterings causes the beam size to grow. This sets strong limitations on the 
luminosity lifetime in hadron and ion colliders. 

The emittance growth due to the multiple Coulomb scattering in electron beams was 
first considered by H. Bruck and J. Le Duff - (53]. 

For proton beams IBS was first analyzed by A. Piwinski in a more general treatment -

[54]. 
It is the coupling between the longitudinal and the transverse motions via the 

dispersion in what a beam of particles in a circular accelerator differs from a gas of molecules. 
Because of the dispersion an energy change leads to a change in the betatron amplitudes. A 
coupling of the longitudinal and the transverse motions exits. 

The border line between the regions where the effect of coupling is important or it 
could be neglected is studied in - [55]. It is determined by the condition that the contribution 
to the beam width due to betatron oscillations equals the contribution which is due to the 
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coupling via dispersion, (c,p,)' 12 =D tip. For high energies (above transition) the coupling 
p 

may be neglected and IBS can in good approximation be described by the gas-relaxation 
formulae independently of the ring lattice - [56]. 

In early theoretical works averaged lattice functions have been used for simplicity. In 
a smooth lattice approximation the Hamiltonian in a frame, moving along with the 
synchronous particle (the so-called particle frame, PF), is independent on time, i.e. the 
dynamical system is conservative. In smooth approximation the total beam temperature in PF 
is conserved. 

The smooth lattice approximation is rough and has been later abandoned in favour of 
more realistic models that take into account the variation of the lattice functions around the 
ring- [57, 58]. 

In Martini's paper an improved Piwinski's model has been introduced. The paper of 
Bjorken and Mtingwa uses the S-matrix approach. This latter formalism is included in the 
MAD code. 

The two approaches assume that the particle distribution remains Gaussian in the six­
dimensional phase space. The IBS growth rates are expressed with complicated integrals. 
They are calculated locally and after that averaged over the ring. The price you must pay is 
that the calculations are computationally intensive. 

Both Bjorken and Mtingwa's and Martini's models are in good agreement with one 
another. It is also commonly accepted that for high energies, i.e. above transition, Martini's and 
Bjorken and Mtingwa's models are able to describe IBS effect with accuracy better than 50%. 

The IBS has different behavior below and above the transition energy. 
Below the transition energy, r < r,, when the beam is in the positive mass regime, the 

behavior of the beam particles is similar to that of a gas in a closed box. Each degree of 
freedom exchanges energy with the others according to their relative temperatures. Because in 
typical situations the transverse temperature is higher than the longitudinal a cooling in 
transverse planes could take place. Below the transition energy the beam can reach 
equilibrium between the transverse and longitudinal temperatures. The sum of horizontal, 
vertical and longitudinal oscillation amplitudes remains limited. Such a behavior has not yet 
been observed in high energy storage rings. 

The transverse temperature is: 

kT1. = mic 2p2y 2 Q~ , (38) 

where m; is the ion mass, Q - the betatron tune, c i - transverse emittance, R - mean radius, 

(J, y - the relativistic factors. The transverse beam temperature is proportional to the transverse 
emittance. 

The longitudinal temperature is determined by: 

kT11 = ~p2c2(-!!!y' 
p 

(39) 

i.e. is proportional to the square of relative momentum spread. 
Above the transition energy, r > r, , due to the fact that the beam is in negative mass 

regime, inter-particle collisions cause an exchange of energy from the directed motion of the 
relativistic beam into energy in all three directions. The beam grows in all three dimensions 
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and no equilibrium exists. This can happen even in the case of uniform machine lattice. For 
energies that are much higher than the transition energy (y >> y1) the IBS is dominated by 
longitudinal diffusion. 

The coupling between the horizontal and the vertical motions (if exists) averages the 
growth rates in both transverse directions. · 

Accurate computation of IBS effects can be performed only with computer 
simulations. Two widespread computer codes that could simulate IBS effects are: 
BETACOOL developed by I. Meshkov, A. Sidorin et al. - [59] and SIMCOOL developed by 
V. Parkhomchuk and I. Ben-Zvi - [60]. 

BETACOOL code calculates IBS taking into account the real lattice of the accelerator. 
It incorporates the Martini's model. SIMCOOL code is based on a treatment of the IBS based 
on the plasma approach. 

Several approximate approaches that simplify the calculation of IBS effects have been 
devised. Very promising is the approach of J. Wei, who has succeeded in improving the 
accuracy and the speed of calculations - [61]. 

For the case of nearly constant ratio DI JP, , where D is the dispersion and fix - the 

Twiss amplitude function, as is in a FODO lattice, J. Wei has simplified the formula for 
emittance growth rates to: 

J__ dup 

up dt 

J__ du, 
u, dt 

J__duy 

Uy dt 

nh(l-d2) 

z4 N ro2 L, C . F(x)l-i_ + d2 
-~ ••.•• - •• 2 

A
2 

8 ;ry&,&y&I 2 

h 

2 

(40) 

where: ax is horizontal rms betatron amplitude, ay - the vertical rms betatron amplitude, ap -
the rms fractional momentum deviation, Z - ion charge state, A - ion mass number, N - for 
bunched beams is equal to the number of particles per bunch while for unbunched beams it is 
equal to the total number of particles, r;, is the classical proton radius, Le is the Coulomb 

logarithm, L, = In bmax =In~, hmm and hmax being the minimum and maximum impact 
bmin 0min 

parameters, 0m;n being the minimum scattering angle; approximately Le"" 20. In (40) c: ,&>re 

the normalized transverse rms emittances and c; is the normalized longitudinal rms 

emittance. 

u;.y 
E;,,y = py Px,y 

Ei =Prar,<Js, 

(41) 

(42) 

where as for bunched beams is equal to the bunch rms length, while for unbunched beams it 

equals /;R. · 
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nh = {I, for bunched beam , 
0, otherwise 

d - Dup 1 -,r=====< ' 
Ja1+D2 ui 

fJxd a=­
Dv 

b = P>:•<Txa 
Pxuy . 

(43) 

(44) 

(45) 

(46) 

In (40) F(x) is an defined analytic function. F(z) is a smooth function of X· It is positive 
when x < I, zero when x = I and negative when x > I - Fig. 38. 

F(x) 

X = a2+b2 
2 

1.2,-,-----------, 

1.0 

4 4.5 sx 
Fig. 38. Function F(x) 

(47) 

The emittance growth rates are proportional to the particle density in the 6-D phase 

space • N; . and are inversely proportional to the particle energy. For heavy ions the factor 
&, &y &, 

z4 . fb" . 
2 1s o 1g importance. 
A 

The J. Wei's simplified description has been tested with Au ions at RHIC - [62]. At 
store energy, i.e. above transition, the measurements and the calculations agree rather well 
both for the bunch length and for the transverse emittances growth rates. At injection energy, 
i.e. below transition, the agreement between the theory ant the experiment is a bit worse for 
the bunch length growth rate. But whereas the theory gives a slight decrease of the transverse 
emittances, the measurements have always shown a growth. This growth has been linear in 
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time. For that reason the authors have considered that a diffusion process due to strong noise 
source has been observed. 

It is the IBS that is the most severe drawback which restricts the average luminosity in 
RHIC - [62]. This is due to the high charge state of the gold ions. At injection into RHIC the 
IBS growth time for the momentum spread is about 3 minutes. Emittances in both the 
longitudinal and transverse dimensions grow up. IBS limits beam and luminosity lifetimes 
and leads to particle loss out of the RF buckets. 

Tms,h-1 

,, ,. 

,. ,. ,. 
,, 

, " 7;1/h 

0 0.25 0.5 0.75 I 1.25 1.5 
e11 , (eV · s)- 1 

Fig. 39. Emittance growth times due to IBS as a function: of the longitudinal emittance. 

208
Pb82• ions at injection from the SPS. The solid line represents the growth time for the 
horizontal emittance while the dashed line - for the longitudinal emittance - [64] 

Beam cooling must be applied to cope with luminosity reduction. In RHIC R&D 
works are under way for bunched beam electron cooling at collision energy - [63]. The 
electron cooling system is based on an energy recovering linac. The electron beam will be 
with energy of 54 MeV and current JOO - 200 mA. Ten times increase of the average 
luminosity is anticipated. 

The calculated IBS growth times for LHC lead ion beams of nominal intensity at 
injection from the SPS are shown on Fig. 39. 

Recently electron cooling of 8 GeV antiprotons at Fermilab's Recycler Storage Ring 
was successfully realized - [65]. The cooler utilizes a DC electron beam generated by an 
Pelletron-type electrostatic accelerator that operates in energy recovering mode - Fig. 40. 
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Fig. 40. High energy electron cooling system in Fermilab's Recycler Ring- [65] 

The kinetic energy of electrons is 4.3 MeV and the electron current is 0.5 A. 
Increasing the longitudinal phase-space density of the antiproton beam the electron 

cooling system results in significant luminosity increase in Tevatron proton-antiproton 
collider. 

1.2.4. Electron Cloud Effects 

Electron cloud effect consists in formation of a cloud of low energy background 
electrons that accompany the beam. Building-up of an electron cloud has been observed in 
both accelerators of light positively charged particles (positrons) and in proton and heavy ion 
accelerators. Some review papers devoted especially to the electron cloud phenomena are -
[66-68]. 

There are several processes that result in production of electrons in an accelerator. 
These processes are: 
• Ionization of residual gas molecules by the beam. The ionization cross-section for 

relativistic particles and CO residual gas molecules is 1-2 Mbarn; 
• Generating of electrons in crossing stripping foils; 
• Generating of electrons as a result of chamber walls bombardment by lost particles. In high 

intensity proton accelerators the fractional loss of particles per turn rioss must be very small. 
Thus for Los Alamos proton storage ring PSR rioss = 4 • l 0-6 while for the Oak Ridge 
spallation source SNS r1oss = l • 10-7

• The number of electrons generated per incident proton 
in these machines is about 100; 

• Photoelectron production when the chamber walls are irradiated by synchrotron radiation 
emitted by the beam particles. The photoelectron yield per absorbed photon y' has typical 
values about 0.1. 

Photoelectron emission dominates over the other processes in lepton accelerators and 
in proton machines for very high energy. For LHC the rate of photoelectron production is 
9 orders of magnitude higher than the rate of electron production by residual gas ionization. 
The residual gas ionization and the beam losses are the main source of electrons in low and 
intermediate energy proton and heavy ion accelerators. 
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In cases of positively charged beams (positrons, protons or heavy ions) the primary 
electrons are accelerated toward the beam. 

For a coasting beam the beam potential is: 

{ 

r 2 1 
V(r)=eZ,1, -2a2+2+ln(~) ,r<a 

2" 5 o b In(-) ,b>r>a 
r 

where: b - vacuum chamber radius, a - beam radius, ,1, - beam linear density. 

Electrons are trapped by this potential and start to oscillate - Fig. 41. 
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Fig. 41. Proton beam current and trajectories of an electron captured by the bunch and of 
an electron that undergo large amplitude oscillations. The values in the figure are typical for 

the PSR proton ring - [68] · 

If the electrons gain enough energy they become a source of secondary electrons in 

heating the chamber walls - Fig. 42. 
Generally speaking when an electron strikes the chamber walls it may be reflected 

rediffused or stopped. If the secondary electron emission yield (SEY) is greater than unity 
(SEY > 1) an electron cloud (EC) around the beam is build-up and grows exponentially. SEY 
depends on the incident. electron energy, the incident angle, the material of the walls and on 
the surface conditioning. Whether or not the EC density will increase depends on many 
factors as: beam current, bunch length and spacing, secondary electron emission yield (SEY) 
and photoelectron emission yield (Y\ vacuum chamber geometry and the chamber walls 
·conditioning. If the EC density becomes too large the beam-EC interaction can degrade the 

accelerator performance. 
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Fig. 42. Electron cloud effects at RHIC. Primary electrons are produced by ionization of the 
residual gas or by beam lost particles striking the walls. Electrons close to the walls change 

only their moments (kick); electrons close to the beam are trapped inside the bunch potential 
and start to oscillate - [ 69] 

The EC density increases until saturation is reached when the electron space charge 
field becomes equal to the beam field. This process is known as beam induced multipacting 
(BIM). 

The EC effects were first discovered at Novosibirsk in 1967 - [70]. The specialists 
from BINP have tried to increase the space charge limit neutralizing proton beams by 
electrons when an unusual transverse instability occurred. This instability has been explained 
by G.L Budker as coupled oscillations of electrons and protons. 

In 197 I electron cloud build-up was observed in ISR proton storage ring working with 
a high intensity coasting beam - [71,72]. The phenomenon expresses in coupled oscillations 
of protons and trapped electrons that hinder the high current operation. In the ISR case the 
electrons were produced by residual gas ionization. This pointed the way to cope the problem 
- increasing the pumping power and the use of cleaning electrodes. 

From a simplified model 0. Grobner - [73] has deduced that the beam intensity just on 
the onset of EC is: · 

b2 

Nth = r.,Lbb ·' 
(49) 

where: /,N, -- the distance between the successive bunches, r, -the classical electron radius. 

For the case of LI IC this rough estimation gives N,h = 2.3 · l OJO p/bunch. 
For bunched beams the EC build-up depends on the ratio of the electron oscillation 

period lo the bunch length and bunch spacing and naturally on the beam current. The ratio of 
the time for which electrons cross the vacuum chamber to the bunch spacing is also of great 
importance. One can easily show - [74] that electmns produced at the walls will gain 
significant energy when they are produced on the trailing edge of the bunch i.e. when the 
bunch density is decreasing. In this case the primary electrons gain enough energy to produce 
secondaries if SEY exceeds unity. This process is known as trailing edge multipacting. 
Electrons produced at low radii or before the bunch passage are captured by the beam 
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potential. These electrons don't produce secondaries but they are responsible for different 
kind EC instabilities. The trailing edge multipacting occurs when the electrons emitted from 
the walls are accelerated by the e.m. field of the passing bunch to such extent that this primary 
electrons strike the opposite vacuum chamber wall just before the next bunch to arrive. Then 
the e.m. field of this second bunch accelerates the secondary electrons. 

The electron cloud build-up in an accelerator operating in bunched beam mode was 
first observed in ISR in 1977 - [75]. After installing of aluminum alloy vacuum chamber 
instead of a stainless steel one a very fast pressure rise was indicated due to desorption of 
deeply absorbed in the chamber walls gas molecules under intensive electron bombardment. 
The effect strongly depends on the bunch current. Latter the molecular desorption induced by 
electron bombardment has been observed in KEKB and PEP-II positron (LER) rings and in 
SPS working with LHC-type beam. 

The process of EC build-up is quite different in presence of external e.m. fields. Thus 
in a vertical dipole magnetic .field the electron motion is restricted only to the vertical 
direction. In such field electrons don't experience any horizontal kick by the nearby moving 
bunch. The computer simulations show that in these conditions the electrons are concentrated 
in two stripes situated symmetrically ~ith respect to the beam. This conclusion was later 
confirmed experimentally in SPS working with LHC-type beam. 

In 1989 in KEK photon factory working with positrons a kind of multi-bunch 
instability was observed. This instability was explained in 1995 by K. Ohmi - [76] as a result 
of bunch coupling via EC and called "Ohmi effect". This was a significant step in 
understanding the nature of EC phenomena. 

In 1998 when experimenting in SPS with LHC-type test beam emittance growth and 
coupled bunch instability were observed both attributed to EC influence - [77]. The beam 
losses have been explained by exciting of couple-bunch motion in the horizontal plane and of 
single-bunch instabilities in the vertical plane. 

Indirect information about EC properties can be deduced from BPMs and vacuum 
pressure valves measurements. Much more precise are the direct measurements by means of· 
dedicated electron flux detectors. 

Several computer codes that simulate the EC build-up and various EC effects have 
been written. The first EC simulation program PEI was written by K. Ohrni - [76]. The code 
POSINST was written by M. Furman at LBNL - [78]. The code CSEC was created at BNL by 
M. Blackiewicz - [79]. At CERN the EC simulation code ECLOUD was created by many 
authors - [80]. 

Generally speaking EC has a negative influence on the beam quality. Whether or not EC 
degrades the beam depends on a great number of factors. The main EC-induced effects are: 
• The electrons striking the vacuum chamber walls desorb gas molecules and cause a 

pressure rise. This effect reduces the beam lifetime. It could lead to vacuum pressure 
instability. Runaway vacuum pressure has been reported in ISR, KEKB, PEP-II, SPS 
working with LHC-type beam and RHIC; 

• The electron cloud produces a focusing force for the ions and cause a betatron tune shift 
and emittance blow-up; 

• EC could produce a majority of collective effects as a couple bunch instability due to EC 
wake fields, fast "head-tail"-type single bunch instability etc. EC-induced beam 
instabilities were observed in KEK photon factory, KEKB positron (LER) ring, CESR, 
PEP-II positron (LER) ring, APS working with positron beams and SPS working with 
LHC-type beam; 

• EC can enhance the beam-beam effects in colliders and reduce the collidcr luminosity; 
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• Electron bombardment of the chamber walls is a source of heat deposition. This is of great 
concern in the high energy superconducting accelerators like LHC; 

• EC is a source of noise affecting the proper work of the beam diagnostic devices: pickups, 
wire scanners, profile monitors etc. 

In 2001-2003, during the gold-gold operation ofRHIC, a vacuum pressure rise in the 
warm strait sections was indicated - [81, 82]. This type of pressure rise happens at injection. 
It is very sensitive to bunch intensity and to bunch spacing. In 55 bunch operation mode the 
maximum intensity that could be reached was 8 • l 08 ions per bunch. The pressure rise at 
injection doesn't allow RHIC to work in 110 bunch mode. It is EC that cause the injection 
pressure rise. This has been proved by simultaneous measurement of EC density and vacuum 
pressure. There is clear correlation between the signals from electron detectors and vacuum 
pressure gauges. Also both signals are significantly reduced when a solenoidal magnetic field 
is applied. 

A second type of pressure rise was indicated at transition energy during RHIC 
deuteron-gold operation. This pressure rise is not sensitive to bunch intensity and spacing. It 
takes more than ten hours to recover from this pressure instability which indicates that a great 
amount of gas molecules is desorbed. It has been suggested that the transition pressure rise is 
due to beam halo scraping of the chamber walls. 

The following cures against EC effect could be applied: 

• Applying weak solenoidal magnetic fields keeps the secondary electrons near the vacuum 
chamber walls and thus suppresses the EC build-up. This works in field-free regions and 
was applied successfully in KEKB and PEP-II positron rings; 

• Reducing of secondary electron yield (SEY) by means of electron irradiation of chamber 
walls. This is due to the removing of oxide layers. A N2 glow discharge treatment can be 
used also for this purpose; 

• SEY can be reduced also by covering the chamber walls by TiN films or by non 
evaporating getters (TiZrV). This is used in PEP-II were TiN coating of AL vacuum 
chamber is applied and also in PSR and LHC; 

• The value of the photoelectron yield can be reduced by use of antechambers, which 
absorbs most of the SR photons (PEP-II). In LHC a saw tooth chamber walls are used to 
minimize the photon reflection; 

• The threshold of EC-induced instabilities can be increased by applying a large chromaticity 
(BEPC, SPS working with LHC-type beam, KEKB), by the use of Landau damping 
quadrupoles (KEK photon factory) and by optimizing the bunch length. 

1.2.5. Proce.\'.\'es i11 Nuclear Interactions of Ultra-Re/atfristic Hem:r Ious 

The I ,argc I ladron Collider (LHC) in CERN works either as proton or ion collidcr. In 
the so-called lead program LHC will collide 208 Pb82

+ beams at maximum energy 2.75 TeV/u 
with peak luminosity/,= I ·I 027 cm·2-s·1• 

During the design works on LHC as a led ion collider it was realized that the collisions 
or high energy ions arc source of secondary beams of ions with charge states and mass 
numbers that diflcr from reference values - [64]. These secondary ion beams are originated in 
the interaction points and further they are bent by the magnetic structure in a wrong way and 
linally hit one of the downstream superconducting magnets - Fig. 43. This concentrated 
source or hit may lead to a quench. 
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The strong chromatic effect caused by the Iow.-P quadrupoles makes the secondary 
beam dynamics complicated. Detailed tracking c~Iculations with 3-D codes are. necessary 
- [83]. 

For heavy ions with Zp, c::: 30 two electromagnetic interactions are considered as very 
dangerous because they change the charge state or mass of the colliding ions. 

A. Electron capture from pair production (ECPP). This process consists in production 
of e•e~ pair and a subsequent capture of the electron by one of the colliding nuclei: 

208Pb
82

+ + 208Pb
8l+_ ---Y 208Pb

82
• + 208Pb

81
• +. e• • (50) 

The detailed theoretical estimations give for the cross section the value: 
aEcPP;:::, 281 barn - [84]. 

·The quench limit for heavy ions with energy per nucleon Tn is equal to that for protons 
with kinetic energy T = Tn divided by the mass number A. In LHC this quench limit for Pb 
ions is 8 · I 04 Pb/mis. On the other hand the flux of secondary 208 Pb81

+ ions can be derived 

from the collider luminosity. For L = I · I 027 cm ·2• s·1 the flux of 208 Pb81
• ions is 2 · 10

5 
Pb/mis, 

i.e. twice the quenc\1 limit - the ECPP effect could be very dangerous. His considered as one 
of the main luminosity limiting factors in LHC lead ion collider. 

The heavy ion collider RHIC in BNL seems luckier. RHIC collides fully stripped gold 
nuclei at 100 GeV/u energy. When the main beam consists of 179Au79

+ ions the ·secondary 

beam creat~d ·in ECP,P effect will c~nsist~ of ·17~Au 78
+ ions. Fortu~ately. 179Au 78

+ ions still lie 

within the RHICmomentum aperture: Therefore 179 Au 78
+ ions are lost gradually and don't hit 

the accelerator at a localized spot. For that reason in RHIC the deposited by the secondary 
beam energy dcin't cause any problems. · 
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B. Electromagnetic dissociation (EMD). This is a two stages process. In the first stage 
the lead nucleus is excited. In the second stage it decays via neutron emission: 

208Pb82+ 208Pb82+ ~ 208Pb82+ + 2o8Pb82+• 

➔ 208Pb82+ + 207Pb82+ + n 
(51) 

Computer simulations estimate the EMD cross section at LHC lead beam energy as; 
crEMD;:::, JO~ barn - [85]. 

To cope with these adverse effects special collimators must be placed in points where 
the main and the secondary beams are well separated. 

Part II. ACCELERATOR SYSTEMS 

11.1. MAGNETIC LATTICE 

The magnetic lattice of a circular accelerator has two important functions - [86]. On 
one hand it must bend the particles to follow the closed reference orbit. On the other hand it 
must focus the accelerated particles toward the reference orbit, forcing them to move in close 
vicinity of the orbit and thus preventing particle losses. 

The magnetic configuration of an accelerator has to be as simple as possible. For this 
reason it usually is a concatenation of some number of identical cells. This makes the 
structure less sensitive to construction errors, facilitates the machine operation and 
significantly reduces the price. The optical properties of the beam repeat in each cell, which 
facilitates the accelerator design. The cell optics must satisfy the closure condition - the 
values of the amplitude (Twiss) functions Phiv(s) and its derivative P°hlv(s) and the values of 
dispersions Dh!v(s) and its derivative D'h1v(s) at the two ends of each cell must be equal. When 
this matching condition is fulfilled, we can link the cells together not changing the focusing 
properties. 

Nowadays the separated function lattice design is a preferred choice. Each cell 
consists of dipole magnets with uniform field (zero field gradient) and of focusing quadrupole 
lenses. This makes the optical elements easy to manufacture and allow increasing the bending 
fields and the repetition rates. The separate function lattice is also more flexible in operation. 

The lattice design of high energy heavy ion accelerators follows in general that of 
hadron accelerators. The fact that the accelerated particles are heavy ions however imposes 
some constraints and demands for some specific solutions. 

The main challenge comes from the intrabeam scattering. The JBS cross-section is 

proportional to z: and as for heavy ions the ratio z= is large a lattice with shorter and strongly 
~ ~ 

focusing cells will be necessary. A solution with many cells and large phase shift per cell will 
minimize the JBS diffusion rate, see (40). 

The FODO lattice structure is most frequently used. This simplest arrangement 
consists of an alternation of focusing and defocusing quadrupoles, with equal strength, and 
bending magnets between them. 

An example of FODO lattice is the RHIC arc structure - Fig. 44. The heavy ion 
collider RHIC represents an accelerator, a storage ring and a collider - [87]. It works with a 
variety of ion species from A/Z=I (protons) to A/Z=2.5 (gold ions). Ion Au79

+ is chosen to be 
the design ion. The maximum energy is in the range of30-I00 GeV/u. 
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Fig. 44. The amplitude P-functions and dispersion in a RHIC arc cell - [87] 

Each of the two RHIC rings consists of six arcs and six insertions. Every arc 

comprises 12 FODO cells. 
The optical propertyes of a FODO cell are parameterized by the phase advanceµ per 

cell - Fig. 45. Forµ in the range from 60° to 90° the maximum value of amplitude function Pa 
depends only on the cell length L. The optimum phase advance per cell is 76.35°. 

8 

I I\ I 
Pm,/L -

6 

4 

2 I pm;./L ~. I D I • µ. 
300 500 900 120° 150° 180° 

Fig. 45. Dependence of maximum and minimum values of Twiss P-function on 
the phase advance per cellµ for a FODO lattice 
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In thin approximation: 

(1±sii/·jL • 2 

Pmax/mln = · sinµ (52) 

It follows from (52) that the mini~um of the.sum (Pmax + Pmin) is reached for µ=90°. 
For Au ions at 30 GeV/u after ten hours of storage in RHIC the normalized transverse 
emittance and the momentum spread, grow due to IBS to 34n mm.mrad and ±5 -10·3 

respectively. ,· 
To minimize the effect ofIBS the FODO cells in RHIC are shorter and stronger. The 

phase advance per cell is close to n/2 ( µh=82.42° and µv=87.25° for p* =1 m). The horizontal 
6cr beam size taking into account the IBS is estimated to be ±27 mm. The RHIC cold bore 
beam tube aperture is chosen to be 69 mm. 

In RHIC lattice design the IBS phenomenon is of main concern. In an attempt to cope 
with it the specialists from BNL have developed the concept of transverse IBS suppression. 
This concept is valid for energies that are much higher than the transition energy. In high 
energy approximation the following relation between the transverse and longitudinal diffusion 
exists: 

dSl 
d,x = H(s)-;;, 
ds: 

where H(s) is the so-called dispersion H-function: 

H(s) = YrD} + 2arDxD' r + PrD'~. 

(53) 

(54) 

It follows from (53) that minimizing the H-function will reduce the transverse IBS 
growth rate. H(s) could be reduced increasing the horizontal tune advance per FODO cell. For 
example in smooth lattice approximation H - 1/Q/ 

For RHIC if the horizontal phase advance per FODO cell is increased from 82° to 107" 
the value of H-function and therefore the transverse growth rate will be reduced by a factor of 
2. This was verified by both computer simulations and accelerator experiments. 

Another specific for heavy ions phenomenon that could influence the lattice design is 
the dynamic vacuum effect. It is of importance when the accelerated ions are not fully striped. 
Ions with intermediate charge have large cross sections for losing an electron in interactions 
with the molecules of the residual gas. The cross sections for electron capture are much 
smaller. 

Accelerating ions with intermediate charge instead of bare nuclei will relieve the space 
charge pioblems and wili' allow for higher intensity to be achieved. 

As it was described in Chapter 2.2 of Part 1 when the circulating ion loses an electron 
it jumps to a new charge state and to a new trajectory. Such ions will hit the inner side of the 
beam pipe. This happens usually behind dipoles - Fig. 46. Hitting the pipe the heavy ion will 
release the absorbed in it gases. The desorption rate could be very high ( ~ 104

) and pressure 
bumps of several orders of magnitude in a few µshave been observed. 
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Fig. 46. Gas desorption due to the charge exchange beam losses 

The minimization of dynamic vacuum effect requires lattice that acts as a charge 
separator. Such lattice will separate the ions that have lost an electron from the circulating 
beam. A special collimation system will localize the beam losses at dedicated catchers with 
low desorption rate and the released gases will be confined in a secondary vacuum chamber 
with high pumping power. It is important to prevent the desorbed gases from reaching the 
circulating particles. 

Catcher system for charge exchange beam losses will be installed in the SlS-100 
synchrotron and in the upgraded SIS-18 synchrotron of the FAIR complex at GSI - [88]. The 
upgraded SIS-18 synchrotron is also known as SIS 12/18 because as a booster synchrotron for 
the SIS-100 synchrotron it will work at maximum beam rigidity of 12 T-m. The design ion in 
both machines is U28

+. 

In SIS-100 the catcher modules will be installed inside the quadrupole cryostat. The 
secondary vacuum chamber is at ,temperature of 5 K and is used as a cryopump for the 
desorbed gases. 

It was shown that only doublet type lattice with order (BM, BM, D, F) will be able to 
provide about 100% collimation efficiency - Fig.47 - [891. The lattice has large horizontal 
and vertical acceptances. It leaves enough free space for installing additional equipment 
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Fig. 47. The doublet lattice structure ofSlS-100 synchrotron with missing dipoles 
at both sides of the arcs and minimized dispersion - [89] 
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A very small dispersion in the straight sections will be achieved by the missing 
magnet approach. For this the first and the last cells of arcs will use not two but one dipole. 

In SIS-100 the catchers will consists of two copper wedges coated with a thin gold 
layer. For gold surfaces a desorption rate as low as 25-80 molecules/ion could be achieved. 

Fig. 48. SIS-18 collimator system 

In the upgraded SIS-18 synchrotron each section of the accelerator will be equipped 
with a catcher module - Fig. 48. The SIS-18 collimator system controls and confines 
desorption gases where they are produced. The absorbers are from Cu, coated by Au. The 
secondary chamber provides for as much pumping speed as possible. Simulations and 
experiments show that only 7% of the desorbed gases will leave the secondary chamber. 

The design of the SIS-18 lattice is unique - [90, 9 I]. This synchrotron utilizes multitum 
injection of ions with stacking in the horizontal phase space. To increase the number of the 
injected turns one needs small emittance of the injected beam and large horizontal acceptance of 
the circular accelerator. In SIS-18 the horizontal acceptance is Ah=200 nmm · mrad. This large 
acceptance is obtained applying triplet focusing. For fixed aperture of the magnets the triplet 
lattice has largest transverse acceptances. 

On the other hand during acceleration the beam shrinks transversely due to the 
adiabatic damping of the betatron oscillations. At the end of the ramp the large acceptance is 
no more needed. 

The beam extraction is more efficient if the accelerator has large P-functions and if 
they differ significantly in both transverse planes. Such behavior of the amplitude functions is 
typical for doublet focusing. In addition zero dispersion at the extraction septum will allow to 
eject short bunches with large momentum spread (I%). 

In order to have optimum lattice both at injection and at maximum energy in SIS-18 
the focusing changes during the acceleration from triplet to doublet structure - Fig. 49. 
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Fig. 49. Transition from triplet to doublet magnetic lattice in SIS-18- [91] 

The dynamic change of the lattice type during the ramp makes SIS-18 unique 
machine. The transition from triplet to doublet focusing is done by keeping one of the 
quadrupoles of the triplet fixed at injection level. The other two quadrupoles are programed in 
a way to keep the betatron tune constant. 

The SIS-18 optics has also the feature of changing the accelerator symmetry from 
S=l2 identical cells to S=6. The change of machine symmetry raises the transition energy 
beyond the maximum proton energy. 

The injection energy into synchrotrons must be as high as possible. The rule accepted 
in the accelerator practice states that the ratio of the injection energy to the maximum energy 
must be T;nj : Tmax :S 1 : 100. This rule is valid not only for proton machines but for heavy 
ion synchrotrons as well. 

In synchrotrons big acceptance is needed at injection when the beam size is large. This 
large beam size determines magnet aperture and the volume in which magnetic field must be 
excited. On the other hand at maximum energy the beam size is much smaller due to the 
adiabatic damping of the betatron oscillations but one cannot squeeze the accelerator aperture 
following the beam size. The magnetic field still must be excited in the same large volume. 

What are the advantages of having high injection energy? 
Increasing the injection energy will alleviate the adverse space charge effects. The 

incoherent betatron tune shift LIQ due to the space charge forces· is proportional to p2/, fJ and 
y being the relativistic factors. A boundary value of tiQ=0.l or even tiQ=0.05 is usually 
adopted. Although this limit could be increased to L'1Q=0.3 on the expense of very precise 
correction of the crossed resonances as a rule in synchrotrons to get higher intensity you must 
use higher injection energy. According to the Lasslett formula the space charge limit is given 
by: 

7r(ev + ✓IJHEv )/J2r3B1L'1Q 
N=- -- - -

'i 

where B1is bunching factor (usually taken as 0.5) and ri is the classical ion radius: 

z2 
r; =Arp, 
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(55) 

(56) 

""""" ! 
! 

rp = 1.54· 10·18 m being the classical radius of the proton. 
As a linear injector for relatively high energy is expensive the choice usually falls on a 

small circular injector, the so-called booster. 
According to (55) the space charge limit does not depend on the machine 

circumference. This allows to raise the linear charge density in the booster, to fill the main 
machine with several booster cycles and thus to increase the main machine intensity. 

In the booster much larger acceptance could be used and an efficient miltitum 
injection scheme could be adopted . 

Other' advantages of boosters are: 

• The booster can have high repetition rate; 
• It is easier to maintain a high vacuum in the booster than in the main machine due to 

its small size; 
• When the accelerated particles are heavy ions you could apply ion stripping at the 

booster exit. Due to the higher injection energy the stripping will be efficient. Thus 
you will raise the energy of the main machine. 

The lattice design of the circular injectors-boosters is influenced by the nature of 
heavy ion projectiles as well. 

For example in the CERN accelerator complex for acceleration of heavy ions and for 
realizing of ion collisions at LHC collider the upgraded ring LEAR is used as a booster -
[92,93]. This is the so-called LHC led program as the reference ion was chosen to be 208Pb82

+. 

In the past LEAR was used as antiproton storage ring. Because now this ring will 
accumuiate and accelerate ions it received a new name - LEIR (Low Energy Ion Ring). LEIR 
inherits a square shape from LEAR. For ion accumulation LEIR applies a new combined 
multitum injection method with stacking in both horizontal and vertical phase spaces and in 
the longitudinal phase space. This new injection method requires that the normalized 
dispersion D / . .,fp at the injection septum is large. LEIR uses fast electron cooling of the ion 
beam at injection energy. In the cooler the electron beam must overlap the ion beam. To 
realize this zero dispersion at the cooler section is needed. The electron cooling is used both 
for improving the beam quality and for raising the beam intensity through repeating injection­
cooling cycles. To meet all these requirements quadrupole triplets at the cooling section and 
quadrupole doublets at the injection section are used. 
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This arrangement provides the necessary large normalized dispersion o• = 5 mat the 
injection septum and zero dispersion at the cooler. The LEIR lattice functions are shown on 
~~50. · . . · : 

The· vacuum level in LEIR is very high (5· 10·12 Torr). Hence the cross sections for 
electron loss or capture by accelerated Pb ions are small. Nevertheless the charge exchange 
reactions with the residual gas molecules still could produce (;!nough number of lost ions and 
lead to dangerous outgazing from the vacuum pipe walls. As' in SIS-18 and SIS-I 00 to cope 
with beam induced vacuum degradation in LEIR a dedicated collimation system is used to 
intercept the lost ions. The collimators are made of s~ainless steel coated with 30 µm gold 
layers. It was shown that gold have low outgazing yield. 9ther measures against dynamic 
vacuum effect applied in LEIR is baking to 300°Cofthe vacuum chamber and scribbling of it 
by ion beam to remove the absorbed gases. 

Besides guiding particles you have to inject them into the machine from an external 
linear accelerator or booster, to eject them towards the experimental setup and to accelerate 
them by means of RF cavities. In ·colliders you make the counter rotating beams meet each 
other head on in several points around the• ring. All these manipulations need additional 
equipment and you have to find a free space for this equipment in the lattice. This is not easy 
task and often a compromise is needed. Usually one simply takes off some of the bending 
magnets converting the corresponding curvilinear structural periods to straight sections. 

The straight sections could be either symmetric or anti-symmetric. In symmetric 
straight sections a,=ay=D:=o at the center of the section, /J,,/Jyhave a minimum at this 

point and the phase advances µ,,µ,. are different. In anti-symmetric sections at the section 

center fJ,=fJYand µ,=µ}'. There are many reasons to .make at least some of the special 

sections dispersion free - [94]. In order not to influence the chromaticity the sextupole lenses 
that excite a third order resonance in the slow extraction method must be placed in dispersion 
free regions. RF cavities also should be placed at· dispersion free regions otherwise the 
longitudinal and transverse motions become coupled. 

Here are two examples. 
· The new synchrotron SIS-100 at GSI will have' six large straight sections for installing 

the equipment for beam injection, acceleration and extraction. The optics of the accelerator 
could be tuned in a way to generate either zero or sufficient dispersion in the straight sections. 
The zero dispersion is necessary for the fast extraction of bunches with large momentum 
spread (up to I%). A large dispersion will allow fulfilling the Hardt condition of the slow 
extraction: 

In cqlli9ers zero dispersion must be provided _at th,e ii:iteract,ion point. In RHIC the 
dispersion suppressor consists offive half-cells with reduced'bendings (Qlo to Q5 in Fig. 94). 
Matching of dispersion between the arcs and the insersions is done by means of four 
quadrupoles (Q6-Q9 in Fig. 94). 
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11.2. INJECTION 

The goal of any injection systems is to accumulate high current beams with minimum 
particle losses. The accelerator acceptance has to be filled with particles as dense as possible. 

Many methods developed for injection of protons after a proper modification could be 
applied for accumulation of heavy ions. As the intensity of the heavy ion beams produced by the 
existing ion sources, especially of those in high charge states, are limited and as a rule several orders 
of magnitude lower than the intensity of proton beams, the methods for multiturn injection are of big 
importance for ion storage. Methods for particle stacking in either betatron phase space or 
synchrotron phase space or simultaneously in both have been developed. 

The significant progress made by beam cooling technics has provided the possibility 
to combine the multiturn injection with beam cooling. Repeating several stacking-cooling 
cycles one could increase the intensity of accumulated ions to great extent. · 

Recently new type of broadband RF systems, the so-called Barrier Bucket (BB) RF 
systems, have found applications for beam manipulaton in the longitudinal phase space. With 
the simultaneous use of BB system and beam cooling a large number of butches could be 
injected and accumulated into a storage rings. 

II.2.1.Single-Turn /11jectio11 
In single-tum injection the beam is put on the reference orbit by means of a septum 

unit (septum magnet or electrostatic wire septum) and a fast kicker magnet - [95]. 
The single-tum injection is most frequently used for bunch-to-bucket transfer from a 

booster synchrotron to the main ring. : 
For example at the BNL accelerator complex six bunches with Au32+ ions from the 

Booster are striped to Au77
+ and then injected into the AGS synchrotron via a box-car 

stacking. Four Booster cycles are needed to fill the whole AGS circumference. The two rings 
of the superconducting heavy ion collider RHIC are filled by means of bunch-to-bucket 
transfer as well. Fourteen repeated AGS cycles are used to populate sixty RF buckets in RHIC 
(four of them remaining empty). 

The superconducting heavy ion synchrotron Nuclotron at JINR-Dubna uses electron beam 
ion source. As the EBIS pulse duration is short and compared with the'revolution time in the 
Nuclotron ring the single-tum injection is a natural choice - [96].°The Nuclotron injection is realized 
with the help of a superconducting septum magnet (SM) and kick electri~ plat!!S (EP) - Fig. 51. 
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Fig. 51. Single-turn injection into Nuclotron: I- injected beam, 2- circulating beam - [96] 
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The septum deflects the injected beam into the closed orbit at the center of the kicker. 
After that the kicker bends the ions and directs them along the orbit. 

II.2.2." Multiturn Injection wit!, Betatron Stacking 

The classical method of multitum injection with accumulation of particles in the: 
transverse (horizontal) phase plane is widely used in heavy ion synchrotrons and storage . 
rings -[97,98]. 

The principle of the method consists in a local distortion of the closed orbit by means· 
of four bump magnets - Fig. 52. From the very beginning the bump is as large as to pass close . 
to the septum and then it is gradually reduced to zero following a linear, exponential or other 
law- [99]. ' 
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Fig. 52. Principle of the multiturn injection with betatron stacking. a) Four magnets closed 
orbit bump, b) Successive positions of the one of the injected slices in the horizontal phase 
space; the fractional part of the betatron tune Q is equal to 0.25, c) All the injected bca111 

slices lie on a spiral 

On the second turn the particles will avoid (partially) the septum due to the betatron 
oscillations around the instantaneous closed orbit. Meanwhile a new portion of particles is 
injected. These particles will have larger amplitudes of the betatron oscillations as the orbit 
bump is reduced. It could be shown that the successive slices of the injected beam lie on a 
spiral in the horizontal phase space. The origin of the spiral is on the simultaneous orbit. This 
is well seen in the normalized phase plane (x, x*), x* = /Jx' +ax, where a and // arc 
the Twiss structural functions. In the normalized phase space (x, x *) the particle 
trajectories are circles. 
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Computer simulations can describe the stacking process step by step - [100, 101]. An 
example is shown on Fig. 53. These are computer simulations of multiturn injection into one 
of the projects of Nuclotron booster - [101].This was a fast cycling synchrotron with a 
circumference equal to one third of the Nuclotron circumference and capable to accelerate 
ions with ZJA=0.5 up to 250 MeV/u. 
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Fig. 53. Phase portrait of fifteen-turns injection (computer code ACCSIM)- [101] 

Two definitions of the injection efficiency are used. 
· The first is: 

E1=~=1!!f.l, (57) 
n,:,Ntnj n,:, 

where N,1 is the full number of stored particles, N;nJ - the number of particles injected per turn, 
n1:- the total number of injected turns and n,ff- the number of effective turns. 

The second definition of the injection efficiency is especially suited for the stacking in 
the transverse phase plane. 

It is related with the definition of the accumulation factor (AF): 
AF = lacc11l11racor . , (58) 

linjector 
Now we will define the efficiency of the multitum injection as: 

AF 
E.2 = -- , (59) 

A:x:/Er 
where Ax is the horizontal acceptance of the accelerator and tx - the horizontal emittance. 

The stacking efficiency depends on large number of parameters: the distance injected 
beam centre - septum, the slope of the injection beam, the number of injection 
periods (injection time), the number of betatron oscillations per turn, the injector 
emittance, the momentum spread in the injected beam, etc. 

An example of multiturn injection with stacking in horizontal phase space is the 
injecion in SIS-18-[102,103]. 

The linear injector is UNILAC which delivers ion currents of several mA in a 
macropulses with length from 500 µs to 5 ms. SIS_:18 uses four bump magnets for local 
closed orbit distortion and an electrostatic wire septum. The injected emittances are 
5n mm.mrad both in horizontal and vertical phase spaces. The SIS-18 horizontal 
acceptance is 200 1t mm.mrad. The ratio Axf Ex is equal to 40. The JJNILAC with the high 
intensity Chordis ion source can provide for example 2.2 mA Ne10

+ ion beam. A total 
beam current of 35 mA or Ni=lxl0 11 neon ions is accumulated during 22 turns multiturn 
injection - [103].This means efficiency e1=0.7 or about 16 effective turns. The multiturn 
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injection process is shown on Fig. 54. From Fig. 54 one could see that about 20% beam 
losses were measured. 
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Fig. 54. Multiturn injection of lxl0 11 Ne1o+ ions into SIS-18- [103] 

Il.2.3.M ultiturn Injection with Stacking in both Horizontal and Vertical Phase Spaces 

If both the horizontal and the vertical emittances of the injected beam are 
sufficiently smaller than the acceptance of the ring, one can realize multitum 
injection with stacking in both horizontal and vertical phase spaces applying linear 
coupling of the betatron oscillations [104, 105]. 

The linear coupling occurs in the presence of skew quadrupole or solenoidal 
magnetic fields. The strength of the coupling if excited by skew quadrupole is 
determined by [I 06]: 

R 1 ~ dBx 
Cq = --:y(-)z=ods, (60) 

21rQ Bp dx 

where R is the mean radius of the accelerator, Bp is the beam rigidity and Q-betatron tune. 
The Ii near coupling leads to beating of the horizontal and the vertical betatron 

oscillations.The amplitudes of the oscillations in smooth approximation are: 

IXF = IAF + IBF x~ - 2IAB·lxcos(Q ... e), 

where: 
1z1: = IBF + IAF x 1 + 2IAB·lxcos(Qce), (61) 

X = Jl + ~2 
- ~, (62) 

BpQJl 

~ = R2(:")' (63) 

f1 = Qx-Qz, (64) 

Q = Qx+Qz. (65) 
2 ' 

In (61) A and Bare two complex constants of the motion whose values are determined 
by the initial conditions and Qc is the beating wave number. 

It can be shown that: · 

Qc=J/J.2+q. 
60 

(66) 

According to (61) there exists a sinusoidal exchange of energy from the horizontal to 
the vertical betatron oscillations and vice versa while the whole energy, i.e. IX12 + IZl2 keeps 
constant. 

Thus a beam injected in the medium plane close to the vacuum chamber wall will 
undergo horizontal betatron oscillations with decreasing amplitude. The energy of the 
horizontal oscillations goes to excite vertical betatron oscillations with increasing amplitude. 
After a half of beating period the beam will be dismissed towards the machine center and 
vertically off the median plane to the highest degree. 

The depth of the amplitude modulation during beating is given by: 

S=~- (67) 
..12+Cq 

After that the process will go back to small vertical and maximum horizontal 
amplitudes of oscillations that· is why the injection process must be stopped. As a result we 
will have phase space painting in both horizontal and vertical planes. 

The multiturn injection of heavy ions with linear coupling is realized for instance in 
the AGS booster - [107]. The injection is from 1 MeV/u tandem Van de Graaff which 
delivers ion beams with very small transverse emittance (In mm·mrad). · This aliows very 
efficient multiturn injection - Fig. 55. The unperturbated tunes are Qx = 4.833 and Q= = 4.780. 
A skew quadrupole induces significant X-Z coupling during the injection. Typically about 
40 turns can be injected with an efficiency of 65%. Applying this scheme the beam intensity 
has been increased with more than 50%. 
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Fig. 55. Multitum injection in the AGS booster. Os_cilloscope traces of the injection 
kicker (top), circulating beam current ( middle) and beam pulse from the Tanden (bottom) are 

shown. One horizontal box corresponds to 500 µs - [107] 

II.2.4.Beam Stacking with RF Acceleration 
II.2.4.1.Principle of RF Stacking 

Storage of the injected particles in the longitudinal phase space was first suggested by 
Symon and Sessler in MURA [ 108]. Later this method was experimentally investigated in the 
model electron storage ring CESAR in CERN [109]. The RF stacking was used successfully 
for many years in the proton storage ring ISR in CERN [11 O]. 

The principle of the RF stacking [108 - 112] can be understood from Fig. 56, where a 
transverse cross section of the accelerator is shown. The beam is injected by means of an 
kicker magnet at position X,nj. By means of an movable eddy current shield (shutter) which is 
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raised during injection the open gap of the kicker is closed and the magnetic field is restricted 
only to its aperture. Another approach for reducing of the stray field at the stack region is the 
use of C-chapped ferrite yoke opposite to the kicker magnet, which absorbs the major part of 
the stray field. This approach is applied in ESR ion ring at OSI. After the injection of the first 
portion of particles is completed, the stacking RF cavity is switched on and the particles are 
accelerated (or more usually decelerated) to an outer (inner) orbit following the relation 

EdR a 
R dE = p2 , (68) 

where pis the relativistic factor and a is the momentum compaction factor [113, 114]: 

a= ~dR = (Dx>m. (69) 
Rd1J R 

In (69) <>m denotes averaging over the dipoles only and Dx ts the dispersion. 
When the top of the stack is reached, the RF voltage is abruptly switched off and 

the particles are released from the RF buckets. 
The RF cycle then is repeated and the next injected portion is trapped in buckets 

and accelerated ( decelerated). 
There are two modes of operation. 

KICKER 

Fig. 56. Location of the injected and stacked beams in the accelerator aperture 

In the so-called "repetitive stacking" mode or "stacking at the tcp' the new portion 
is moved again to the same position, i.e., to the top of the stack. According to Liouville's 
theorem the particle density in the longitudinal phase space must be conserved [1 I 4 ]. 
Hence the particles already accumulated in the stack will be displaced toward lower 
(higher) energies. Due to the very small value of the momentum compaction factor (69) 
in the strong focusing rings the portions of particles with different energies largely 
overlap in the physical and transverse phase spaces - Fig. 57. The stacking takes place 
in the longitudinal phase space while the density in the 6-dimensional µ -phase space is 
conserved in agreement with Liouville's theorem. A beam stack with large intensity is 
built up. 

In the "non-repetitive stacking" mode or "stacking at the bottom" each successive 
portion of particles is moved to a slightly different energy than the previous one. The 
energy difference is equal to the final bucket area Ab divided by 2it. Thus the new 
particles will be added to the bottom of the stack. 
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Fig. 57. Principle of RF stacking 
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IL2.4.2. Longitudinal Phase Space Topology 

As this has been shovvn first by Symon and Sessler [ 108], the equations of the 
longitudinal motion in an accelerator can be put in Hamilton's form with canonically 
conjugated variables: 

J,E dts 
W = 2rr 60 w(E) (70) 

and the RF phase rp. In (70) w(E) is the revolution frequency of a particle with energy E and 
E0 is an arbitrary energy. . . 
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Fig. 58. Stationary and moving RF buckets 

The area of stable oscillations around the synchronous particle, the so-called RF 
bucket is shown on Fig. 58 for the stationary case (no acceleration (deceleration)) and for the 
moving buckets when the particles are accelerated (decelerated)). 

Leth be the harmonic number of the RF, so as we will have h buckets simultaneously 
on the accelerator circumference. The area of these h buckets is: 
a) for stationary buckets 

9(1 

Abs= "'s 
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b) for moving buckets 

Ab= Abs a· (f). (72) 
Here: 

p dw 1 1 1 
1J - -- - -- a= - - 2 , 

w dp y2 Y2 Yrr 
(73) 

y - the relativistic factor and y1, - its value at the transition point. In (72) a *(r) is a tabulated 
function of the synchronous phase f= sin 'Ps • In the RF stacking an important role is 
played by the adiabatic theorem of Boltzman-Ehrenfest [l 14], which states that if the 
parameters (such as V, rps ,E., etc.) in the Hamiltonian, H, are varied sufficiently slowly 
the particles lying on a closed curve H(t1) = const surrounding an area of stable oscillations 
A1 at a time t1 will remain on a closed curve H(ti) = const surrounding an area A2 =A1 at a 
time /2> l1. Thus the action integral, I=t Wdq,, is an invariant. 

IL2.4.3. Stacking Cycle 

It is the phase displacement phenomenon that underlie the Rf stacking process. The 
phase displacement is a phenomenon related with the crossing of a coasting beam by RF 
bucket (no matter filled with particles or empty). The trajectories outside the separatrix are 
such that the particles will move to the opposite to the bucket direction (for an accelerating 
bucket to lower energy and for an decelerating bucket to higher energy). According to 
Liouville's theorem the area of the displacement of the coasting beam must be equal to the 
bucket area Ab. Hence the change in the mean energy of the coasting beam is: 

.AW = Ab • (74) 
2rr 

A detailed calculation of the change of the energy of a particle lying outside a moving 
bucket when this bucket crosses the particle is made in [115, 116]. It shows that the mean 
energy change follows (74) while the energy spread in the coasting beam is increased. Let's 
now look at the RF stacking cycle in more details. The stacking is performed at a constant 
magnetic field. After the first portion of particles is injected, it immediately de bunches due to 
the spread in the revolution frequency of particles having different energies. 

The RF voltage is now switched on adiabatically while the RF frequency is kept constant 
(,p, = 0). The particles are trapped with big efficiency (more than 90%) in stationary buckets. After 
the capture finishes, the RF buckets are decelerated toward to the top of the stack. 
As: 

E dw TJ --=-
w dE {1 2 (75) 

and 
dE w - . -=-eVsmcp 
dt 2n s' (76) 

the RF frequency must be increased according to: 
2 

dwrf '1"'rf V- • --=--e smm. 
dt 2nhf12E "f's 

(77) 

When m, reaches the final frequency, the RF voltage is switched off, the bunches 
debunch and a whole strip in the stack is populated with particles. 

In the repetitive stacking mode each of the successive pulses crosses the whole stack 
and the particles are released at the top of the stack. 
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In each crossing the already stored particles are moved to higher energy according to 
the phase displacement mechanism. 

If the stack is built by n pulses, the ideal stack width will be: 

2nAEta9al = nAb 
w 2rr 

(78) 

In fact the particles will be distributed over wider energy range L1E,>L1E;deal• 
In the non-repetitive stacking mode the crossing of the whole stack by the buckets is 

avoided by successive reducing of the final RF frequency by: 

"'2 
llw,,.1 = ~~ 

f1 2 Eh (2rr)2 . 

Thus the particles will be deposited at the stack bottom. 

(79) 

It is natural to define the stacking efficiency as the ratio of the average phase space 
density in the stack to that in the injected beam [117]. 

The total stacking efficiency depends on two kinds of parameters: 

Etot = E
1 
E. (80) 

Here f,
1 describes the dependence of the stacking efficiency on the RF manipulation - mainly 

on the trapping efficiency in the buckets. 
In (80) e is the accumulation efficiency itself: 

E = N11m, (81) 
Nrot 

where Num is the number of particles in the ideal stack width and Mat is the total number 
of particles in the stack. 

Function f, represents the reduction of the phase space density due to the dilution 
of the stack by the moving RF buckets during the subsequent stacking cycles. 

Experiments and computer simulations [117] show that f, is a function of the 
synchronous phase f=sin 'Ps and of the number of stacking cycles n. There is an empirical 
formula: 

1 
E = ----U­

l+ a..;na•(r) 

(82) 

which agrees quite well with the experimental results over a wide range of r and for 
not too small n. As a• (f) is a decreasing function of 'Ps the stacking efficiency e➔ 1 when 
,p.➔ o. However small values of 'Ps will require very long stacking times according to (77), 
i.e., a compromise must be made. 

II.2.4.4. Combination of Mu/titurn Injection and RF Stacking 

Both the multiturn injection and the RF stacking have their limits in the intensity of 
the accumulated beams. These limits have been already discussed above. 

If we combine both accumulation mechanisms, much larger intensity multiplication 
factors can be realized. The stacking will take place in the 4-dimensional (x. x'. W. ,p) 
phase space. The physical aperture of the accelerator however must be shared by both the 
methods. Let c0 be the area of the transverse phase plane (x, x') devoted to the multiturn 

65 



injection. In order to estimate this area a pure geometrical analysis can be carried out [118]. 
From Fig. 59 one can easily deduce that: 

E E 2Ep2 ,,a-yr;;;fi'Gf) 
tnJ - top s 1..- n(s,) (83) 

must be satisfied for any point s along the circumference, p(s) being the Twiss amplitude 
function; and D(s), the dispersion. 
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Fig. 59. Combination of multi tum injection with RF stacking 

On the other hand, in the injection point: 

2<!£0/JtnJ+d E1nJ - Ebot = Ep ) , (84) 
Din}. 

where d is the distance between the stack edge and the center of the injected by multiturn 
stacking area. 

Let s* be the azimuth at which the right-hand side of (84) has a minimum and 
the corresponding values of p (s) and D(s) be p• and D*. 

The number of RF cycles is: 
n = E Ebor-Erop (85) 

rf rf tlE , 

where LlE is the phase displacement of the stack during a single crossing by the buckets 
(74) and Err is the stacking efficiency here defined as the ratio of the ideal stack width to 
the width of the real stack [109]. 

The number of the effective turns in the multiturn stage of the combined process is: 
lo, 

ll,n = Em-, (86) 
Etnj 

where e;nJ is the emittance of the injected beam, em is the multiturn injection efficiency. 

Thus the total number of effective turns will be: 
E/12 ea [:(a.-,;'~) -.'~ +.i] 

11.,.f = 11m11rf = Em.Erf -. --. -. , - • (87) 
J.E • C"-J D 0.,r.; 

From (87) the optimum value of the phase area devoted especially to the multi turn injection 
can be calculated. 

IL2.4.5. RF Stacking Example 

An example of RF stacking is the injection of accelerated in SIS-18 ions into the 
Experimental Storage Ring (ESR) at GSI-Darmstadt - [119]. The single-tum injection stage 
of the process is realized by means of septum magnet and fast kicker magnet. The kicker is 
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used both for injection and fast extraction. After the single-tum injection is fulfilled emittance 
and momentum spread of the injected beam are reduced via stochastic pre-cooling. Then the 
RF stacking cycle is started. It lasts 20 ms. This time is too short for a movable shutter to be 
applied for scrinning of the circulating stack from the magnetic field of the kicker magnet. 
Instead in ESR kicker a C-shaped ferrite yoke is placed opposite to the kicker magnet and 
absorbs the major part of the stray field. The maximum field of the ESR-kicker is 
Bmax=390 Gs an the maximum deflection angle is 1.9 mrad. The rise/fall time is 110 ns and 
the flat-top duration is 0-3µs. 

II.2.5. Combined Longitutlinal anti Transverse Multiturn Injection 

In this injection method proposed by S. Maury and D. Mohl the stacking is in both 
horizontal and vertical phase spaces and in momentum space - [120]. A local closed orbit 
bump is created as in standard transverse multiturn injection but simultaneously with the 
decrease of the bump amplitude the linac energy is ramped. This is done in a way that at the 
injection septum the closed orbit bump corresponding to the instantaneous linac energy 

D,,,1m,m ~ (t) + Xcobump(t) = x0 = const remains fixed - Fig. 60. Under this condition 

the injected ions have the same betatron an1plitudes. 
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Fig. 60. Combined longitudinal and transverse multiturn injection in LEIR 

In conventional transverse multiturn injection the final transverse emittance of the 
circulating beam is large. The momentum spread of the circulating particles is equal to that of 
the incoming beam. On the contrary in the combined multitum injection the transverse 
emittance of the stack is much lower - Fig. 61. This is done at the expense of the increased 
momentum spread. 
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Fig. 61. Schematic picture of the combined multiturn injection 
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The combined multiturn injection method is applied in the heavy ion accumulator 
LEIR, a part of the LHC led ion chain. The injection process covers 70 turns (200 µs) with 
more than 50% efficiency (35 effective turns). The mean momentum of the linac beam is 
increased from 2·10-4 to 6-10-3

• In order to include also the vertical phase space in the 
injection process an inclined electrostatic septum is used. 

The LEIR injection hardware consists of a magnetic septum followed by an inclined at 
30° electrostatic septum. The magnetic septum is 7.7 mm tick and deflects the beam by 
175 mrad while the electrostatic septum has 0.1 mm foil and deflects the beam by 28.9 mrad. 

In LEIR fast electron cooling at injection energy is applied. The combined multiturn 
injection results in small transverse emittance and large momentum spread. This is optimal for 
electron cooling as it leads to small cooling times which in LEIR are from 200 ms to 400 ms. 

To increase the intensity in LEIR a combination of multiturn injection followed by 
cooling of the stored particles is used. Up to four injection-cooling stacking cycles are 
realized which allows to store 9· 108 Pb54

+ ions. · 

11.2.6. Ion Accumulation by Stacking with Electron Cooling 

An effective way of particle accumulation that is applied in the heavy ion synchrotrons 
SIS-18 - [121] and HIMAC - [122] and in the ion storage rings TSR - [123], CELSIUS -
[124] and CRYRING - [125] is stacking by means of electron cooling of the circulating 
beam. This approach has several variants. One may cool the phase space area filled by 
multiturn injection (SIS-18) or the particle stack created by RF storage (TSR). Another 
approach, realized in the storage ring CELSIUS, consists in cooling the particles stored by ion 
stripping. In all three methods the cooling shrinks the phase space area occupied by the stored 
particles thus releasing space for injection of new portion of particles. If the beam lifetime is 
longer than the cooling time it will be possible to combine electron cooling at injection energy 
with the stacking. The injection consists in repetitive cycles of injection of fresh particles 
followed by electron cooling of the already stored beam. The electron velocity in the cooler is 
matched to the mean ion velocity. 

The cooling time in transverse direction is given by - [126]: 
fJ'ysea A 

T = 2.107 --- (88) 
L Tl/• z2' 

where: /1, y are the relativistic factors, 0 
1 

= ✓ " is the ion beam divergence in the 
P, 

cooling section, 17 is the ratio of the cooler length to the accelerator circumference, j, is the 
density of the electron beam in [A/cm2

], A, Z are the ion mass and charge numbers. 
The cooling time in longitudinal direction is - [126]: 

fJ'rsEP)a 
Tfl = 2.10 7 P A

2 
(89) ,,,., z 

As was already described the SIS-18 synchrotron uses horizontal multiturn injection. 
It results in a horizontal emittance of 150 7t mm·mrad. This large emittance is reduced to 30 1t 

mm·mrad by means of electron cool_ing of the circulating beam - [121]. Now more than 80% 
of the horizontal acceptance is empty and multi turn injection of new batch of particles could 
be realized in the free of particles area. As a whole 10 to 15 cycles of repeated multiturn 
injection and phase space compression by cooling have been performed and the intensity 
increased by an order of magnitude. Further increase of the stored intensity is limited by 
recombination of the circulating ions with the electrons in the cooling section. In order to 
have large repetition rate of the cooling-stacking process we should make the transverse 
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cooling time as short as possible. In SIS-18 this time is about 100 ms. As the SIS-18 
acceleration cycle lasts 1-3 s this cooling time is acceptable. Repetition rate of 10 Hz is 
achieved using electron current 1.5 A at 6.3 keV electron energy and relative cooler length 
11=0.014. By now 4.5x109 U73+ ions/cycle and 3xl09 U28

+ ions/cycle have been stored, while 
the goal values of the upgraded SIS 12/18 synchrotron are: 4x10 10 U73

+ ions/cycle and 
2.7xl 011 U28+ ions/cycle. · 

Another example of stacking by means of electron cooling is the injection in LEIR 
accumulator ring - [92]. 

The LHC heavy ion program has as a goal a luminosity L=1027 cm-2-s- 1 at 2.7 TeV/u. 
To achieve this luminosity 592 bunches with 7. 107 fully stripped led ions per bunch with 
transverse emittance t:=1.5 1t mm·mrad and /1*=0.5 mat interaction points is needed. Going 
back to the origin of the accelerator chain 200 µA of Pb54

+ ions at 4.2 MeV/u have to be 
injected into LEIR by means of combined longitudinal-transverse injection method. The 
purpose of the accumulator ring is to transform four 200 µs Linac-3 pulses into two short 
dense LEIR bunches - Fig. 62. 
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Fig. 62. Ion accumulation in LEIR by stacking with electron cooling 

After stacking of 70 turns with 50% efficiency in LEIR the fast electron cooling system is 
switched on and the stored ions are cooled down for less than 200 ms. This short cooling time is 
achieved by electron cooling system with interaction length of 3 m, electron beam radius of 
30 mm and electron current of 300 mA. The applied in LEIR combined multiturn injection 
method results in relatively small transverse emittances of the stacked beam. This is especially 
suitable for electron cooling as this cooling method is faster in the longitudinal plane than in the 
transverse one. Just after multitum injection L1p/p=4xlff3

, t:h=70 7t mm·mrad, t:.=30 7t m·rad. As a 
whole 9x I 08 Pb54+ ions are accumulated after four injection/cooling cycles. 

In the storage ring ESR the beam accumulation is done by combining the RF-stacking 
with electron cooling - [127]. First of all the injected ions are compressed by the cooling 
system which reduces the particle losses during deceleration to the stack. In the time between 
the subsequent stacking processes the coasting stack is also cooled. Thus the phase space 
occupied by particles is shrinked and most of the acceptance is cleaned for injection of new 
portion of particles. This is shown on Fig. 63 in which longitudinal Schottky scans at different 
times after injection are represented. Fig. 63a refers to 2000 ms after bunch injection. The 
cooled bunches are still on injection orbit - right peak. The coasting stack is on the left. 
Fig.63b refers to 2050 ms after bunch injection. Now bunches are decelerated to the stack. 
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Fig. 63.Combined RF-stacking-cooling injection in ESR - [127] 

The maximum intensity is determined by the equilibrium between REC process in the 
electron cooler and accumulation rate. With vacuum level in the chamber less than 10·10 mbar 
the losses due to charge exchange with the molecules of the residual gas are negligible 
compared to the REC losses in the cooler. 

IL2. 7. Barrier Bucket (BB) Accuinulatio11 

Recently a new method of ion accumulation which relays on a kind of wideband RF 
system, known as barrier RF system and stochastic or electron cooling has been developed. 
Ideally the barrier RF system should generate isolated rectangular voltage pulses, positive 
and/or negative. Analysis however shows that the longitudinal dynamics is not too sensitive to 
the pulse shape. Voltage pulses with arbitrary shape could be generated as a superposition of 
Fourier harmonics of the revolution frequency, f0• For example isolated sinusoidal waveform 
can be generated by taking only first ten harmonics of the Fourier expansion. Barrier RF 
system needs a broadband RF cavity and a broadband power amplifiers and low level RF 
electronics. 

The particle motion in longitudinal phase space in the general case of arbitrary voltage 
shape is given by: 

dr 2rrLIE ---17--
dt - T0 fJZEc, 
d(flE) 11qV(r) . 
--=--

(90) 

dt r., 
The canonical variables in (90) are: r - the time difference between the arrival of the 

ion and that of the synchronous particle and L1E - particle energy relative to the energy of the 
synchronous particle. The other notations in (90) mean: 11 - the slip factor, {J=vlc, q-ion 
charge state, E0 _ the energy of synchronous particle, V(r) - the amplitude of the applied RF 
voltage waveform and To - the revolution period. 

The cases of stable and unstable particle motion in barrier RF system are shown on Fig. 64. 
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Fig. 64., Particle motion in barrier RF waves 

It could be shown - [128] that the half bucket height L1Eb is given by: 

I !a+r1 . I 
, 

2 
fr~ 12 1,1,;V(r) dr 

i1E = 1 ·P Ea'----------
b ~ ll]J Ta 

where T1 is the barrier pulse duration and T2 is the gap between the two RF pulses. 
The longitudinal emittance in an barrier RF system is: 

(91) 

8rrl,7J 3 
Ei = T2!1Eb + 2 AEb . (92) 

a"'a/1 E0 1,1qVrf 

The most important application of barrier RF systems is for beam injection and 
accumulation into storage rings with simultaneous use of beam cooling. There are two 
schemes of barrier bucket accumulation-with fixed and with moving barriers. 

In the fixed barrier accumulation two half-wave barrier voltages of opposite sign are 
produced in one revolution period - Fig. 65. The resulting RF potential separates the 
longitudinal phase space to areas of stable and unstable synchrotron motion. The particle 
injection takes place in the unstable region. After that injected particles slip in phase to the 
stable region and they are simultaneously cooled by stochastic or/and electron cooling 
methods. The well cooled particles are captured by barrier voltage to the stable area. Now the 
unstable region is empty for injection of a new portion of particles. 
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Fig. 65. Particle accumulation with fixed barrier voltage pulses 

The ion accumulation by means of stationary barriers was experimented in 2007 at 
GSI ESR. In this proof-of-principle experiment 40Ar18+ beam with energy of 400 MeV/u was 
injected into ESR from SIS-18.The accumulation process is shown on Fig. 66. 
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Fig. 66. Experimental results of ion accumulation in ESR with fixed barriers method 

The ion accumulation by means of moving barriers method was also experimented at 
GSI ESR. The stacking was assisted by both stochastic and electron cooling. Cooling was in 
all three phase space directions and it merged the stack with the newly injected particles. The 
barrier pulses were sine-shaped with amplitude of 120 Vanda period of200 ns. 

One of the two SIS-18 bunches was fast extracted to ESR. The ESR injection kicker 
pulse has 500 ns long flat top and 100 ns rise/fall time. 

The process of ion accumulation by means of moving barriers is as follows - (129), 
Fig. 67. Two BB pulses are adiabatically introduced into the cooled coasting beam. One pulse 
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stays stationary while the other is moved in phase during 0.9 s to compress the beam. At 
t=l.7 s a new portion of particles is injected into the gap between the barriers. They start 
debunching as the barrier height is not sufficient to capture the ions. After that the BB pulses 
are switched of adiabatically while the beam is being simultaneously cooled. For 120 V 
barrier pulses the bucket height is 2os=5x104
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Fig. 67. Particle accumulation with moving barrier voltage pulses 

The simultaneous use of stochastic and electron cooling results in a relative 
momentum spread of dplp=2x10"5 which is enough to capture the stack by barriers. The ESR 
electron cooler has a 2.5 long interaction region. The diameter of the electron beam is 5 cm 
and the electron current is 0.5A. 

The experimental results of ion accumulation are sown on Fig. 68 . 
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Fig. 68. Experimental results of ion accumulation in ESR with moving barriers method 
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11.3. EXTRACTION 

Extraction is a mechanism to get the beam out of a circular accelerator. The methods 
for particle ejection from ion synchrotrons are the same as those used in hadron machines. 

The fast (single tum) extraction is based on the use of a fast kicker magnet which 
deflects the beam toward a septum magnet. The kicker is switched on between the bunches 
and the kicker pulse lasts during one revolution period. The septum magnet has a very low 
level of the stray field out of the septum aperture. Therefore it does not disturb the circulating 
beam. On the other hand the field in the septum aperture is uniform and strong enough to kick 
the ions out of the ring. 

In the resonant (slow) extraction the extraction process lasts from milliseconds to 
hours. The ejected particles are spread over a smooth spill. The slow extraction is realized by 
controlled excitation of a nonlinear resonance, often a third-order integer resonance. The 
nonlinear resonance divides the betatron phase space to stable and unstable areas. The 
particles falling into the unstable area have increasing amplitude of the betatron oscillations. 
In the end they reach the aperture of the first extraction device-the electrostatic septum and 
are deflected toward the extraction channel. 

In the classical (quadrupole driven) resonant extraction the area of the stable motion is 
reduced by slowly approaching the machine tune to the resonance tune adjusting some 
quadrupole magnets. 

A better solution is to move the beam into a stationary resonance by 
accelerating/decelerating the circulating particles. Via the chromaticity the change in 
momentum is transformed into a change of the tune. This is the so-called accelerator-driven 
resonant extraction. · 

At CERN-LEAR a low-ripple extraction was realized applying RF white noise that 
causes the particles to diffuse slowly toward the resonance. By this method a variable spill 
length up to I h could be obtained. 

In the RF knock-out extraction the particle betatron amplitude is increased under the 
influence of transverse random noise until the critical amplitude is reached. At this point the 
particle enters the resonance stopband, its motion becomes unstable and in the end of its 
cruise the particle falls into the septum gap. 

1L3.J. Fast Extraction 

The fast extraction or extraction that lasts one tum or less is used to transfer the entire 
beam or several bunches from one circular accelerator to another. It is also known as single 
turn extraction. The most frequent application is the box-car stacking from a booster injector 
into the main ring. Another use of the fast extraction is for secondary particle production, for 
example for neutrino production or for neutron production by spallation reaction. 

In fast extraction the first step is to divert the beam by a kicker magnet into the gap of 
a septum magnet. The rise time of the kicker field must be very short, less than the beam-free 
gap. 

The septum magnet which, usually consists of several sections, diverts the particles 
into the extraction channel. 

While for single turn extraction the pulse duration of the kicker's pulse must be equal 
to the revolution period and the rise time must be less than the bunch-to-bunch spacing in 
bunch-by-bunch extraction the pulse duration must be equal to the bunch repetition period and 
the fall time must be as rapid as the rise time. 

In fast extraction the kicker must deflect the beam by- [130]: 
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X 
0=-=- ' ,./ PkPs sin µx 

where: /Jk is the amplitude Twiss function at the kicker magnet; 
/J, is the amplitude Twiss function at the septum magnet ; 
µxis the betatron phase shift between the kicker and septum; 
xis the displacement of the beam at the septum. 

To reduce the value ofx a local orbit bump could be used. 

(93) 

An example of fast extraction from high energy heavy ion accelerator is the project of 
the fast extraction from SIS-100 synchrotron at FAIR accelerator complex - [131]. Fast 
extraction will be performed with a series of kicker magnets and a three stage magnetic 
septum - Fig. 69. 
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Fig. 69. Fast and emergency extraction from SIS-100 synchrotron at FAIR accelerator 
complex - [13 I] 

11.3.2. Resonant Extraction 

In high energy heavy ion synchrotrons a third-order resonance is usually used to eject 
the particles from the accelerator as this is in the case of hadron machines - [132]. The 
resonance is driven by so-called resonance sextupoles. This kind of extraction process lasts 
for many thousands of turns and is known as slow extraction. 

In order to suppress the contribution of the resonance sextupoles to the chromaticity of 
the accelerator they are placed at positions with zero dispersion. 

For the case of third-order resonance Q=m/3, m being an integer, the transverse 
Hamiltonian Hin action-angle variables (J, ¢) is given by- [133]: 

HU,q,,0)=o/+Ej3l2 cos3q,, (94) 
where: 0 is the machine azimuth 

J=Q-m/3 - the distance to the resonance; 
e - the resonance force that is determined by the strength and location of the resonance 

sextupoles. · · 
Let's remind the relation of the action-angle variables to the standard conjugate 

variables (x-Px): 

X = .jlf Pz cos(¢), 

Pz = - ~[sin(¢)+ a cos(¢)] . (95) 
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For small amplitudes: 

H~oJ, 
i.e. the phase space trajectories in (J, ¢) phase space are circles - Fig. 70. 
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Fig. 70. Topology of the phase space under third-order resonance 

(96) 

For larger amplitudes the circular trajectories are distorted and obtain a typical 
triangular shape with rounded comers. There are four fixed points that represent the stationary 
trajectories. The origin of the phase space is a stable fixed point (SFP) that corresponds to the 
equilibrium closed orbit. The phase trajectories surrounded the origin are ellipses, i.e. 
bounded curves. Other three fixed points A,B,C are unstable (UFP). The phase trajectories in 
vicinity of UFPs are hyperbolic, i.e. they are unbounded. In the case of third-order resonance 
the phase trajectories passing through the unstable fixed points, known as separatrices, are 
straight lines. The separatrices enclose a triangular area in which the particle motion is stable. 
If a particle dwells at one of the UFP, say A, after one revolution period it will be at the next 
UFP, B, clockwise. Then after one more period it will be at the third UFP, C, and finally 
three turns after the beginning of its cruise this particle will cpme back to the initial UFP, A. 
The picture is similar if the particle at t=0 is on one of the outgoing separatrices. Then after 
one revolution it will be on the next outgoing separatrix - Fig. 71 and after two turns on the 
third one. Thus every third revolution period the particle under consideration will return on 
the initial outgoing separatrix but one step outward. In the end such a particle will fall inside 
the aperture of the first ejecting device, the electrostatic septum (ES), and will be kicked out 
of the accelerator. 
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is exited by means of four sextupole lenses with field gradients~~; 233T/m2 in LS 1, LS3 and 

110 T/m2 in LS2, LS4, Qx=6.658. 

Let: 
QP p3/2 d2 B I dx2 

S cos( m 0 - If/) = m'h harmonic of ( - 8 ~ ~ ) , (97) 
p 

where d 2 BY I dx2 determines the strength of the resonance sextupoles in a way that the kick 

d2By 

received by a particle passing through the sextupol will be given by: .: dx• :. x 2 , ls being the 
2 Bp 

length of the sextupole, Bp - the magnetic rigidity and x - the horizontal displacement from 
the reference orbit. 

The area of the stable triangle is given by: 

A = 3✓3 (Q- o/J) z (98) 
,_table 4 S2 

tnangle 

It follows from (98) that the area of the stable region in the case of third-order 
resonance can be reduced either by increasing the sextupole strength S or by approaching the 
betatron tune Q to the resonance tune Q,,s=m/3. 

The conventional slow extraction uses the latter method. When the betatron tune 
approaches the resonance the separatrix shrinks and finally collapse in the centre of the phase 
space. The change of the betatron tune is realized controlling the excitation of. several 
dedicated quadrupole magnets. This extraction scheme is known as quadrupole-driven sloW 
extraction. 

The spiral step along he extraction separatrix is given by: 

6trS ( 2 2 ) Ax = -= X - XuFP ' s ,,lflx 
(99) 

where: xurP is the coordinate of the UFP. 
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Due to the chromaticity the particles at different momenta are brought successively 
onto resonance - Fig. 72. 

X' 

X 

Fig. 72. Separatrices and stable triangles for particles with different momenta 

In the presence of nonlinear magnetic fields the betatron tune varies with the betatron 
amplitude. Also the betatron tune depends on the particle momentum. According to the 

definition of chromaticity ~: 
.lp . 

Q = Qo + (Qo-+ f.QU), 
Po 

(100) 

where: Q0 is the lattice tune i.e. the tune of a particle with reference momentum,p0 , and 
small amplitude, 
Ap=p-p0 is the momentum deviation from the reference particle, 
c; is the chromaticity, 
AQ(J) is the amplitude dependent detuning. 

A convenient way to represent a third-order resonant extraction is by the so-called 
Steinbach diagram - [134]. This diagram shows both the beam and the resonance in 
amplitude-momentum space. 

Let (u, Pu) be the normalized coordinates: 

(u)-~c1 
Pu. - ffx «x 

0 X 
p)Cx,). (101) 

In normalized coordinates the unperturbed linear motion is smoothed to harmonic 
oscillations with circular phase trajectories. A particle rotates along such a circular trajectory 
Q times per revolution. 

Let A = j be the normalized amplitude of the betatron oscillations, e being the 

single particle emitance. The resonant extraction starts when the area of the shrinking stable 
triangle equals the emittance. According to this condition and to (98) the amplitude-
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momentum space is divided to areas with stable and unstable motions. The unstable region 
has 'V' shape and is centered on the resonance tune - Fig. 73. 
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Fig. 73. Steinbach diagram - [134] 

Stable region 

Q 

The conventional third-order resonance extraction process could be represented on the 
Steibach diagram as this is shown on Fig. 74. The abscissa on Fig. 74 is the relative 
momentum deviation from the momentum of the reference particle which is related to the 
betatron tune via the chromaticity and the ordinate is the normalized betatron amplitude. The 

slope of the V-shaped region is proportional to ~ = g!_ . 
s s 

"'"~'~Iii 

Fig. 74. Conventional (quadrupole-driven) third-order resonant extraction 

In the quadrupole driven resonant extraction the extraction separatrix and the spiral 
step toward the electrostatic septum vary during extraction. 

It could be proved that at third-order resonant extraction the following relation is 
fulfilled: 

( u - Dn ;) cos(a - ilµ) + (Pu - D' n :) sin(a - ilµ) = h , (102) 

where: a is the angle that determines the orientation of the outgoing separatrix at the 
equivalent (virtual) resonance sextupol. The virtual sextupol is a single sextupole lens that 
affects the beam in a way which is equivalent to the combined effect of the system of 
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resonance sextupoles, ilµ is the phase advance from the equivalent resonance sextupole to the 
electrostatic septum, his the distance from the side of the stable triangle to its centre, 

If: 

h = ♦ir tJQ = 4,r Q' 6;, 
s s p , 

Q' = (Q0 being the chromaticity, 

Dn is the normalized dispersion, Dn = ,D . 
.,·Px 

D11 cos(a - !J.µ) + D'11 sin(a - !J.µ) = - 4
" Q' 

s (103) 

the extraction separatrices will not depend on the particle momentum. Condition (103) is 
known as Hatdt condition under the W. Hardt, who discovered it in 1981 - [134,139]. 

Transverse phase space with fulfilled Hardt condition is shown on Fig. 75. 

X' 

X 

Fig. 75. Separatrices and stable triangles when the Hardt condition is fulfilled 

As this was described above if the tune is close to the resonance tune the nonlinear 
field of the resonance sextupoles guides the particles slowly across the first ejecting device­
the electrostatic septum. The ES separates the extracted particles from the circulating beam 
and directs them to the second ejecting device - the magnetic septum. The magnetic septum 
has much larger deflecting angle than the electrostatic one. It directs the ejected particles 
toward the extraction channel. 

Each septum device defines two spaces. Inside the septum aperture the field (electric 
or magnetic) is homogeneous and strong enough to deflect the particles out of the accelerator. 
Outside the septum aperture the fringe field must be almost zero in order not to affect the 
circulating beam. The septum itself is the partition separating these two spaces. 

The loss of particles during the resonant extraction (extraction efficiency) is 
determined by the ratio of the septum thickness to the spiral step toward the resonance. To 
reach high efficiency the separation between the zero field and high field regions in the 
septum device must be very thin (0.1 mm or less). This could be realized only with some kind 
of a DC electrostatic device - the electrostatic septum. 

The main requirements that the resonant extraction should meet are: 
• High efficiency i.e. small particle loss; 

• The extracted beam must have small transverse emittances. This will facilitate the 
particle transport through the extraction channel with small loss; 
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• The spill envelope must be almost flat. The main source of the intermittent time 
structure of the extracted beam current is the current ripple of the magnet power 
supply. The parameter of merit is the duty factor: 

F = <.¢>
2

, (I 04) 
<¢2> 

where:¢= t!N is the particle flux in the spill. The averaging in (104) is over the spill time . 
dt 

For the simplified case of a sinusoidal modulation of the spill: 

</J = </Jo + </Jr cos(wt), (105) 

1 
F =~. (106) 

1+2¢~ 

As an example of conventional slow extraction we will describe the third-or der 
resonant extraction from the Nuclotron synchrotron at JINR, Dubna - [135]. Two pairs of 
sextupole lenses are used to excite 3Qx=20 resonance. Four extraction quadrupole lenses with 
linearly changed excitation current are used to approach the resonance frequency and to 
control the particle spill. The electrostatic septum has a length of 3 m - Fig. 76. The septum is 
made of tungsten-rhenium wires 0.1 mm thick. The gap between the septum and the high 
voltage electrode could be changed from 10 to 30 mm. The maximum applied voltage is 
250 kV which provides for a deflection angle of2 mrad. 
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Fig. 76. Slow extraction system from Nuclotron - [135] 

The second, magnetic septum, is Lambertson magnet, which deflects the beam in 
vertical direction. In Nuclotron it consists of two 1.5 m sections and deflects the particles 
vertically by 96 mrad. 
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Fig. 77. Nuclotron beam spill with feedback system on - [136] 
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The beam spill has modulation components in the range from IO Hz up to 600 Hz 
which are due to the current ripples in the power supplies of the extraction quadrupoles and 
extraction septum magnets. For extraction duration from 0.4s to 5s the spill could be made 
smooth (uniformity of0.9) by applying of a feedback control - Fig. 77 - [136]. 

IL3.3. Stochastic Resonant Extraction 

This extraction mechanism was proposed by S. van der Meer in 1978 - [137] and 
further developed in antiproton storage ring LEAR at CERN by W. Hardt and others -
[138,139]. As the stochastic extraction may last too long, up to hours, it is also known as 
ultraslow extraction. 

The principle of the stochastic resonant extraction is to apply filtered RF noise over a 
frequency band that overlaps the revolution frequencies of the circulating particles. Under the 
influence of this noise the particles start to diffuse in the longitudinal phase space toward the 
resonance. 

The advantages of stochastic extraction is that the particles could be guided very 
slowly across the resonance and that the extracted flow of particles has much lower ripples 
than in conventional resonant extraction. 

Let: 
dN 

'JI= AP 
dl,;-) 

be the particle density as a function of fractional momentum. 
The diffusion by stochastic noise is described by the following equation: 

aw __ a_D B1f1 

I.It - i.l~p) i.l~P) ' 
p p 

where the diffusion coefficient is: 
1 vz 1 

D=---
2 Af (2rrRBp,)Z 

V - RMS noise voltage; 
Llf- the band width covered by the noise; 
R - mean machine radius. 

The noise is applied by a dedicated RF-cavity. 

(107) 

(108) 

(109) 

The stochastic extraction starts with a flattening and widening procedure. To do this 
white RF noise with rectangular power density distribution is applied. It makes the particles to 
diffuse toward a uniform distribution over the frequency band - Fig. 78. 

RF \\1titc noise with band\\idth t.f 

dN 
ljl = d(.1/J/ p) 

·\tribution 

App 

Fig. 78. Beam shaping and homogenization by filtered RF noise 
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After beam flattening a wider band RF noise is applied with carrier frequency that 
moves so that the low frequency edge of the noise spectrum coincides with the high frequency 
edge of the beam - Fig. 79. Stochastic extraction follows the linear sweep of the carrier 
frequency. 

'l'=dN/d(.1.p/p) 

S(f) 
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Fig. 79. Stochastic resonant extraction 

In stochastic resonant extraction a duty factor as high as 99% has been achieved. 

IL3.4. RF Knock-Out Extraction 

In RF Knock-Out extraction method (RF-KO) the beam is excited by transverse 
stochastic noise - [140-142]. This noise causes the circulating particles to diffuse in the 
transverse phase space which makes the amplitude of the betatron oscillations increase slowly 
with small fluctuations - Fig. 80. When the amplitude passes a threshold value the motion 
becomes unstable and the particle will be extracted. 

A 
-Synchrotron oscillations 

B 

Fig. 80. Principle of the RF knock-out extraction method 

Betatron 
amplitude 
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Since the separatrix is kept constant the orbit gradient and turn separation at the 
ejection septum are constant. Due to this condition the emittance of the extracted beam is 
small which leads to small loss during transportation of the particles through the extraction 
channel. 

The frequency of the transverse RF signal must be equal to the product of the 
revolution frequency times the fractional part of the tune. Due to the amplitude dependence of 
the tune in the presence of nonlinear magnetic field and to the momentum dependence when 
the chromaticity is non-zero the RF frequency has to be modulated. At HIMAC the frequency 
of the transverse RF field is modulated with saw-tooth wave in order to match both the tunes 
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which lie near the separatrix(extraction region) and tunes that lie deeply inside it (diffusion 
region). 

Because of the effect of random motion due to the applied noise the spill ripples in the 
RF-KO method are much smaller. The method provides for fast response of the switching beam 
on/off. With modulation of noise amplitude one can control the time structure of the extracted 
beam. Together with the use offeedbacksystems this will result in a square shaped spill. 

The RF-KO method is routinely used at HIMAC medical synchrotron in Chiba. A fast 
response of beam on/off is achieved with cut-off time of.SO µs. The global time structure of 
the extracted beam is controlled by a proper amplitude modulation of transverse RF field. 

The RF-KO extraction method is used in the upgraded synchrotron SIS 12/18 - [143-45]. 
The RF exciter consists of two parallel stripline electrodes each 750 mm long and 200 mm 
apart. They provide the horizontal electric field with maximum effective voltage of 1.3 kV. 

RF-KO method will be used · also for the resonant beam extraction out of the 
SIS- I 00 FAIR synchrotron. 

II.3.5. Extraction by Betatron _Core 

In betatron core driven extraction induction acceleration is used to change the particle 
tune via the chromaticity and to move the beam toward the resonance. The hardware consists 
in a ferromagnetic core with induction coil wound on it - Fig. 81. A time variable magnetic 
flux through the ring induces a curl electric field on its axis. This electric field accelerates the 
circulating particles changing their momenta. ,Similar equipment is used in the linear 
induction accelerators. 

Beam 
trajectory 

s \§ 

,.,----~------:--_:.:__~_ Maglletic flux.line 

Fig. 81. Schematic view of the betatron core 

Extraction separatrix and spill step are constant during extraction. The Hardt condition 
could be fulfilled, i.e: the extraction separatrices of different momenta cold be superimposed: 
Particles with different amplitudes and momenta are extracted at the same time. For 'that 
reason in the betatron core driven extraction the sensitivity to current ripples is. reduced and 
the spill is smoother- [146]: . . . . . .. . 

Betatron fore driven extraction'has been used for first time in Saturn-II synchrotron at 
Saclay. A ±20% st~bllity of the spill intensity has been reached which corresponds to a duty 
factor of0.98. · · ·' · · · '• 
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11.4. RF SYSTEM 

The RF system of an accelerator creates stable areas in the longitudinal phase space, 
the so-called RF buckets, in which the injected ions are captured forming tight bunches of 
particles - [147, 148]. Then the RF system accelerates ions to the top energy in synchrotrons 
or makes them circulate at a constant energy in storage rings. The RF system is also used to 
perform different kind of manipulations of the beam in the longitudinal phase space, known as 
RF gymnastics. These are bunch splitting, bunch shaping using higher harmonics, bunch 
rotation, longitudinal emittance blowup etc. 

We can divide the ion accelerators to low-fl (fl=vlc) machines and high-fl machines. 
In low-fl accelerators the ion velocity changes significantly during the machine cycle. 

The frequency of the accelerating RF field must also vary significantly following the 
synchronous energy. In narrowband (high-Q) systems this is done by using in the 
accelerating cavities magnetic materials with adjustable permeability. Recently RF cavities 
with novel amorphous or nanocrystaline metal alloy (MA) have been developed. These are 
wideband (low-Q) cavities which allows RF frequency sweep without cavity tuning. 

In large synchrotrons and storage rings the ion beams are ultrarelativistic (high-fl) 
which relieves the bandwidth constraints. 

The block-diagram of an accelerator RF system is shown on Fig. 82. 
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Fig. 82. Block diagram ofan RF system- [148] 
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The necessary RF power is provided to the cavity by the power amplifier. RF tubes 
(tetrodes) or klystrons are used as active devices. The transmission lines are either coaxial 
cables or waveguides. The input impedance of the cavity could be matched to the feeder 
line or not matched (only for tube amplifiers). The Low Level RF electronics (LLRF) is used 
to stabilize the accelerating field in the cavity. Two kinds of feedback loops are used. One of 
them measures the amplitude and phase of the accelerating RF field and feedback signals to 
LLRF system. The other feedback loop measure phase, transverse position or frequency 
spectrum of the beam, process the obtained information and pass control signals back to 
LLRF system. Then the LLRF system drives the power amplifier. 
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IL4.1. Ferrite Cavities 

The revolution frequency even in small ion accelerators is less than 10 MHz. For that 
reason the accelerating cavities will have reasonable sizes only by using magnetic materials 
with high permeability. 

In narrowband cavities stacks of NiZ based ferrite ring cores are used - [149,150]. 
The cavity is tuned by adjusting the current in bias windings. This may be figure-of-eight 
current windings around two ferrite stacks with a gap in the middle. In the so-called 
1 :2 transformation solution the two ferrite stacks are excited due to bias current windings but 
the coupling loop surrounds only one of the stacks. 

Disadvantages of the ferrites are: 
• Low saturation field (- 0.3 T) which leads to relatively low accelerating gap voltages; 
• Low Curie temperature (100°- 250°C) i.e. a proper cooling of the ferrite ores is 

necessary. 

Typical parameters offerrite cavities are: µr - 100 and Q - 10-50. 
For magnetic materials an important figure of merit is the (µr QI) product. It could 

be shown that the shunt impedance of the coaxial ferrite cavity is given by: 

Rµ = µQNt.fftr.QDln'!9., 
'll 

(ll0) 

where N is the number of ferrite ring cores, t is the thickness of one core, r;, r0 are 
the inner and outer radii. 

In ferrites the power loss product (µrQf) decreases at high flux densities. 

Beam tube 

' 
Hot water tubes -lit c · t::::: 

' 
Fig. 83. SIS-18 accelerating cavity - [ 150] 

As an example of ferrite cavity we will describe the SIS- 18 accelerating cavity­
Fig. 83, 84. The length of the cavity is 3.4 m. It is filled with 64 ring cores with dimensions 
ro=249 mm, r; =ll0 mm and t=25 mm. The ring cores are cooled by copper ring disks. The 
maximum accelerating voltage is Vgap=16 MV. A single-ended tetrode amplifier supplies the 
necessary energy. The quality factor is Q= 10. The RF frequency vary from 0.8 MHz to 
5.4 MHz (h=4). 
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Fig. 84. SIS-18 accelerating cavity at the ring - [ 151] 

11.4.2. Magnetic Alloy (MA) Cavities 

A new development in the field of RF cavities is the cavities filled with novel 
amorphous (Co-based) or nanocrystaline (Fe-based) magnetic alloy materials - [152,153]. 
One example of MA is Finemet from Hitachi Ltd. 

The main characteristics of this type of magnetic materials are: 
o Low Q-factor (0.6-1.0) i.e. this are wideband cavities and no tuning for 

frequency sweep is necessary. Due to low Q arbitrary waveforms are possible; 
o The (µrQf) product does not depend on the flux density- Fig. 85; 
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Fig. 85. Magnetic flux density dependence of magnetic materials. SY-2 is a typical ferrite 
core; FT3-small and FT3-large are MA cores with different sizes - [152] 
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o Very high Curie temperatures (-570°C) i.e. the parameters of the core 
remain constant below 100°C; 

o Linear permeability µ(B); 
o Low power density at high voltages; 
o High saturation field (-1.2 T) which allows for high accelerating gap 

voltages to be generated and the overall length of the cavity can be very 
short-high gradient cavities (HGC) - Fig. 86; 

o It is possible to produce large cores with about 100 cm in diameter. 
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Fig. 86. The hysteresis curves for magnetic materials - [152] 
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Fig. 87. The high gradient cavity installed in HIMAC- [153] 
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An example of MA cavities is the accelerating cavity of the medical heavy 
ion synchrotron HIMAC - Fig. 87. With 60 kW of RF power a maximum voltage of 4 kV is 
obtained with a cavity only 40 cm in length. The frequency range is 1-8 MHz. A push-pull 
RF amplifier with two tetrodes drives the MA cavity. Due to the large bandwidth of the 
MA cavity the frequency sweeping is achieved without tuning circuit. 

IL4.3. Storage RF System 

In colliders at colliding mode the purpose of the RF system is to provide longitudinal 
focusing to maintain short bunches for the physical investigations at the presence of strong 
intrabeam scattering. As a rule this is done by a separate RF system, the so-called storage RF 
system. 

In RHIC ion collider the storage RF system consists of four cavities placed in an 
interaction area and common for both beams and three cavities per ring in the arc region -
[87]. It operates at 196.1 MHz. The accelerating voltage is 6 MV. 

Prior to the transfer of the beam to the storage RF system it is usually necessary to 
reduce the bunch length by means of bunch rotation. In RHIC when the ions are accelerated 
by accelerating RF system (f=28.15 MHz, h=360) to the top energy the bunch is shifted to 
the unstable fixed point. There the bunch is enlarged in a fraction of synchrotron period. 
After that the bunch is shifted back to the stable fixed point. Being mismatched with the RF 
bucket it starts to rotate. In 3/8 of a synchrotron period the bunch reaches its minimum length 
position and the storage RF system is switched on. 

In SIS-18 another method for fast bunch compression is applied. It consists in sudden 
switch on of an additional RF voltage. The bunch is now mismatched with the RF bucket and 
starts to rotate. The compression takes only a quarter of a synchrotron period. Final bunch 
length depends on the initial momentum spread. The SIS-18 bunch compressor cavity is a 
MA cavity with length of 1 m, gap voltage 30 kV, resonant frequency 0.8 MHz, quality 
factor Q=l.0, and pulse duration 0.1 ms. The result of the compression is shown on Fig. 88. 
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Fig. 88. Fast bunch compression in SIS-18 
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/1.4.4. Double RF System 

In order to reduce the space-charge problems, especially harmful during injection, 
an RF system working at two times higher harmonic number is used in addition to the 
fundamental accelerating RF system - [154]. The accelerating voltage in such double 
RF system is: 

V(,PJ = V0 (sin ,P - sin ,:Pit - 0.5 sin 2(,f.l- ,Pit)). (111) 
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Fig. 89. Acceleration voltage in a double RF system 

In double RF system the bunches are longer and more flattened. This makes the 
bunching factor higher and reduces the space-charge forces. Moreover in double RF systems 
the synchrotron tune spread in the bunches is also higher. This helps damping the couple 
bunch instabilities through the Landau damping mechanism. 

Double RF systems are used in many accelerators: PSB, ISIS, J-PARK, SIS 12/18, 
LEIRetc. 

During the SIS-18 upgrade program one of the existing ferrite cavities working at fourth 
harmonic of the revolution frequency was replaced by a h=2 cavity thus forming double 
RF system - [155-157]. The new cavity is wide bandwidth cavity utilizing Fe-based magnetic 
alloy Finemet FT-3M ring cores from Hitachi Metals Ltd. The gap voltage is 50 kV. A 300 kW 
tetrode based push-pull RF power amplifier is placed on the top of the cavity - Fig. 90. 
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Fig. 90. Broadband cavity at SIS-18 with the power amplifier on top- [155] 
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l 
! The effect ofSIS-18 double RF system is shown on Fig. 91. 
l 

o• .. l I ' I \ Sl"tla.llP" 
07 I \ 

I \ 
~ o• I I 
~ ' .. 05 
C 
O> .. l j: I in 

~ 
\ 

03 ',\Du••~-
ID 

02 \ 

\ 
0 1 ,._..___ 
00 

-0 1 , .. , .. 2 •• 30" J ,. 

Time (s) 

Fig. 91. Bunch profile with single and double RF systems at SIS-18- [157] 

11.4.5. Transition Crossing 

In some synchrotrons the ions must cross the transition energy during acceleration. 
For example in the heavy ion collider RHIC all ions except protons are accelerated though 
the transition energy at Ytr=22.86 - [158]. At transition crossing the synchronous phase has 

to change rapidly from ¢, to (7r-r/J,) in order to reduce the particles loss and longitudinal 

emittance increase. But in superconducting accelerators like RIIIC the acceleration rate 
is low. In RIC it is ~ = O.·Ll"- 1. To solve the transition crossing problems in RIIIC 

a Ylr - jump method is applied. It consists in increase of the transition crossing speed by 
means of fast pulsed quadrupolcs. These quadrupoles are placed in nonzero dispersion areas 
and they change rapidly the momentum compaction factor a and hence Ytr- it could be shown 
that to first order of the jump quadrupole strength qi: 

_ rl,.. 2 
LlYtr - zcL,:q1D1 , (112) 

where C is the accelerator circumlcrcnce and Di is the dispersion at the jump quadrupole. 
In an synchrotron particles cross transition at different times according to 

their momentum. For particles with maximum relative momentum deviation S = ±C--,:a., the 

transition crossing time offset is equal to ±T,,1• T11/ being the so-called nonlinear time. 

Particles with dillcrcnt momenta cross the transition at times that satisfy the condition: 

lrtr - r(t)I < fTni . ( I 13) 

In RIIIC Tn/=355 ms. During that lime !here arc particles in the beam \\hich 
undergo an unstable motion. 

Each sextant of RI IIC rings contains two families of the jump quadrupoles. One 
family is placed in dispersive section and they produce fast change of Ytr . The polarity of 
the jump quadrupoles arc changed in -10 ms time - [ 159]. This increases the rate of the 
transition crossing by factor (10 and reduces the nonl incar time below 20 ms - Fig. 91. 
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Fig. 92. Changes ofy and Ytr in vicinity of transition crossing at RHIC - [159] 

Another jump quadrupole family is lace in a low dispersion region. They compensate 
the betatron lune change caused by the first family. 

/1.4.6. S11perco11ducti11g Carities 

In LIIC the choice was in favor of superconducting acceleration cavities - [ 160. 161 ]. 
Niobium on copper technology is used. The cavities operate at 4.5K. The major advantage 
of superconducting cavities is the extremely low surface resistance. The quality factor is very 
high. 

In LI IC the heam consists of trains of bunches spaced by empty gaps which are 
larger than the rise time of the injection kickers. Due to the gaps the RF system undergoes 
pc1fodic loading hy the beam. This effect is proportional to (¾ >< ~). ~ being the geometric 

cavity parameter and V the cavity voltage. For superconducting cavities this parameter 
can he made one order of magnitude smaller than for normal-conducting copper cavities. 
Also superconducting cavities offer the possibility of running the collidcr with much less RF 
power. and the contribution of the superconducting cavity to the overall machine impedance 
is much smaller. 

Eight RF stations per beam tuning at 400 Ml I push the particles to the top energy. The 
accelerating field in the cavity is 5.3 MV/m. Each station includes a single-cell 
superconducting cavity ·- Fig. 93. a 330 kW klystron and low level RF electronics. The 
accelerating rnltage per beam is 16 MV. The LI IC cavity uses a purely mechanical tuner. 
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Fig. 93. LHC superconducting cavity 

11.5. ION COLLIDERS 

Although the heavy ion and the hadron colliders are based on one and the same 
principles the very nature of heavy ions sets specific constraints on the collider performance 
and affects the design of the collider systems. 

The physical phenomena that determine the feaures of a heavy ion collider have been 
discussed in the first part of this book. 

For example due to the intrabeam scattering the heavy ion beams grow within a few 
hours to large transverse and longitudinal dimensions. This demands for stronger focusing by 
the magnetic system and for larger aperture of the magnets. The longitudinal bunch 
dimensions at the end of the storage determine the parameters of the RF system. 

Another limit on the collider performance comes from the ion induced vacuum 
pressure instability. To cope with this adverse effect besides the increase of pumping power 
and the use oflow outgassing materials a sophisticated collimation system must be applied. 

The possibility for formation of an electron cloud that accompanies the ion beam must 
also be taken into account, especially when the collider works with a large number of highly 
populated bunches. In ion machines this was observed for the first time at RHIC in 2001. In 
an attempt to work with intense (1 · 109 ions/bunch), closely spaced (107 ns) bunches an 
intolerable vacuum pressure rise up to 7· 10-7 Torr was measured. As the pressure rise was 
sensitive to the bunch intensity and spacing it was attributed to the electron cloud effect. How 
it is possible to overcome the formation of electron cloud was described in 1.2.4. 

As a rule the heavy ion collider is built on the base of already existing in the 
laboratory chain of accelerators which serves as ion injector. This circumstance imposes 
significant constraints on the design of the collider. 

Contrary to the hadron colliders the heavy ion colliders operate with a large range of 
mass numbers (theoretically from 1 to 238) and atomic numbers (theoretically from 1 to 92). 
The figure of merit is the ratio A/Z which varies from 1 for protons up to 2.03 for 
197Au79+(BNL), and 2.54 for 208Pb82+(CERN). It determines the beam rigidity as the energy 
per nucleon in the two beams must be the same in order to maintain equal revolution 
frequencies in both rings. 

For the physical program it is important that the collider could work not only at the 
maximum energy but over an energy range and that it supports the option of colliding beams 
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of different species. The extreme case is colliding protons on the heaviest for the collider ions. 
To do this the collider must be based on two essentially separate rings (including interaction 
regions) that are capable to work at different magnetic fields. 

At the moment there are two heavy ion colliders in operation: RHIC and LHC. The 
main parameters of these colliders at collision energy are summarized in Table 6. 

Table 6. Parameters of existing heavy ion colliders 

Parameter RHIC LHC 
Reference ion 191Au79

+ 20sPb82+ 

Energy per nucleon, GeV/u 100 2759 
Circuference, km 3.83 26.66 
Dipole field, T 3.45 8.33 
Peak luminosity, cm·2

• s·1 l.0xl021 l.0xl021 

Number of bunches 56 592 
Number ofions per bunch lxlO' 7.0xlO' 
RMS beam size at IP, um 110 15 
RMS bunch length, cm 18 7.5 
Twiss beta-function at IP, m 1.0 0.5 
Beam-beam tune shift per IP 0.002 0.00015 
Stored energy per earn, MJ 0.2 3.81 
Luminosity lifetime, h 10 9.3 

A new heavy ion collider called NICA (Nuclotron-based Ion Collider fAcility) is 
under construction at JINR, Dubna. The main parameters of this new collider are listed in the 
Table 7. 

Table 7. Parameters of the heavy ion collider NICA 

Maximum energy (Au" ) 4,5 GeV/u 
Circumference 503.04 m 
Number of bunches 23 
Ions per bunch 6.1.10" 
Beta-function at IP 0.35 m 
RMS bunch length 60cm 
Luminosity 6.7· 1021 cm·"·s·1 

IL5.1. Luminosity 

The luminosity Lis a measure of the ability of the collider to produce events - [162]. 
It is defined as the event rate per unit cross-section: 

dR = La, (114) 
dt 

where dR/dt is the counting rate for the event of interest and a - the event cross-section. 
In accelerator practice it is accepted to measure the luminosity in [cm·2·s·1

]. 

For the case of head-on collisions of two round beams with Gaussian bunches the peak 
luminosity per interaction point is given by: 
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---, 

L = N'/Jf 
A , 

where: Ns is the number of particles per bunch, 
f=frevB - the collision frequency, 
frev- the revolution frequency, 
B - the number of bunches, 
A - the bunch transverse area, A = 4rra•2, 

a• - the RMS transverse bunch size at interaction point. 

The true figure-of-merit is the integrated luminosity: 

Lint= J; L(t)dt. 

(115) 

(116) 

It determines the whole number of registered events trough R = L:r.,o and is measured in 
units ofreversed picobams, [pb"1]. 

The optimum luminosity is achieved if the collisions are head-on. This option could be 
applied in cases when the bunches are spaced enough so that there are not parasitic collisiorts. 

Head-on collisions are used in the heavy ion collider RHIC at BNL - [87]. The 
interaction region ofRHIC is shown on Fig. 94. 
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Fig. 94. Optics of RHIC interaction region - [87] 

RHIC collides bunched beams with the same horizontal and vertical transverse 
emittances. The number of bunches is 56. Each.bunch has lxl09 ions. The bunches are spaced 
by 63.9 m. 

In RHIC the final focusing is done by a quadrupole triplet (QI, Q2, Q3) and doublet 
(Q4, Q5). As RHIC supports the possibility to collide beams with ions of different species 
these quadrupoles are separate for each ring. 

Two common DX dipoles split the colliding beams. The free space around IP for 
installing detectors is 17.2 m. In IP the two colliding beams have the same focusing 
properties. In IP a•= 0 (waist), D• = 0 (dispersion free) andp' is changed from 10 m during 
injection and acceleration to I m during the collisions.The RMS bunch length as is kept by 
the storage RF system much shorter than p'. 

The optical functions in the RHIC interaction region are shown on Fig. 95. 
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Fig. 95. Optical functions at RHJC interaction region - [87] 

If the collisions are head-on and the bunch spacing is smaller than the interaction 
region length parasitic collisions between bunches will take place. When the bunches of one 
of the beams approach IP or leave it they will meet the bunches of the counter-rotating beam 
at intervals equal to half of the bunch spacing. To reduce the effect of parasitic collisions a 
non-zero crossing angle Oc between the two colliding beams is introduced - Fig. 96. 
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Fig. 96. Colliding beams with a crossing angle -[165] 

% 

~ 

The parasitic collisions on either side of IP are now replaced by long range 
interactions. In practice beam separation by IOax is acceptable. Introducing a 1wn-zew 
crossing angle reduces the luminosity ( 115) by a factor: 

l 
F(00 ,(!x, CT5 ) = 6 a . ( l l 7) 

11+(~)2 
\I i"x 

For the operation of LHC with protons there are up to 2808 closely spaced bunches. 
For proton bunches a/= I 6. 7 ~1111. a_, =7. 7 cm, 0c=285 µrad and therefore F=0.835. There are 
30 long range interactions per insertion. 

For operation with fully stripped led ions however the number of bunches for the 
nominal ion scheme is .. only .. 592 with 7x107 ions/bunch, a_,=7.94 cm, a/=15.9 µm 
(/1'=0.5 m) - [64]. Due to the relatively low intensity of the ion beams and to the much larger 
spacing of the ion bunches compared with proton ones the beam-beam effects in colliding ion 
beams will be rather weak. Therefore separation of the beams around the IP would not be 
necessary and we could work with a zero crossing angle. However the parasitic head-on 
beam-beam interactions will reduce the beam-beam lifetime and will be a source of 
background radiation. 

In LHC collisions between ion beams will take place principally at IP2, where the 
ALICE detector is installed. The total separation of the ion beams at IP2 is a superposition of 
the vertical bump provided by the magnetic field of the ALICE spectrometer and the external 
vertical bump. Several scenarios have been considered - Fig. 97. In the upper separation 
scheme the crossing angle is 0,.=81 ~1rad. It provides separation of 7ay at the first parasitic 
collision. In the lower scheme the crossing angle is almost zero. 
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Fig. 97. Separation of LHC lead ion beams around IP2. The vertical trajectory of Beam I is 
represented by a solid line, while that of Beam 2-by a dashed line - [64] 
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Another phenomenon that could reduce the collider luminosity is the so-called "hour 
glass effect". The origin of this effect is in the fact that in the interaction region therms beam 
size depends on the longitudinal position: 

O"(s) = (J"" j1 + c;Y. 01s) 

Hour glass effect is significant for long bunches and small p'. The luminosity is 
reduced by a factor H(~): 

-s 

L(O"s) = L(O).H, 

H[ :: J = _I;[:: }x{ [ :: J }r/{ :: J 
(I I 9) 

(120) 

In ion colliders Us <<p' and the hour glass effect has a little influence on the 
luminosity. 

Il.5.2. Beam-Beam lnteraction 

The particles in the collidcr see the electromagnetic field produced by the counter­
rotating beam - [163]. This phenomenon is known as beam-beam interaction and it is one of 
the main limiting effects on the collidcr performance. The beam-beam interaction is extremely 
nonlinear. The linear part of the interaction acts like a quadrupole and gives rise to a linear 
tune shift - Fig. 98. For the case of head-on interactions and round beams with Gaussian 
bunches the linear beam-beam tune shill is given by: 

{Ho = b,.QHo 
NBri 

4ln!N 

1,hl:rc r, is he classical ion radius and l'.v is the normalized emittance. 

The quantity ( is known as "linear beam-beam parameter". 
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Fig. 98. Beam-beam force for round beams; dashed line represents the linear approximation 
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It turns out that the nonlinear part of the beam-beam force is also proportional to the 

quantity f In RHIC the beam-beam parameter <Ho = 0.002 is small compared to hadron 
colliders and does not limit the collider performance. 

Due to the nonlinear character of the beam-beam force the beam-beam tune shift 
becomes amplitude dependent - Fig. 99. 
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Fig. 99. Nonlinear beam-beam detuning as a function of the test particle amplitude for 
round beams - [163] 

The tune shift for long range beam-beam interactions is given by: 

tJ.Q _ riNb _1_ 
lr - 2rr(Jt-(ifp· 

Combinig (115) and (121) we will receive: 

L = fly( l+k .•,;s 
2rt flf M, 

where: k = =-4 is the aspect ratio at the collision point, for round beams k= 1, 
""x 

M = - 1
- is the bunch spacing in s. 

Bf.-,. 

(122) 

(123) 

The last factor in (123) is the total beam current. As the value of the beam-beam tune 
shift is limited it follows from (123) that we can icrease the collider luminosity by reducing 
the value of the beta-function at IP and/or increasing the number of ions per bunch and the 
number of bunches. Thus for increasing the RHIC luminosity four times to L=8· 1026 cm·2·s·', 
averaged over 10 h storage time, the number of bunches in each ring will be doubled to 
112 ( 100 ns bunch spacing) and p* will be reduced from the design value of 2 m to 1 m. 

In collidcrs two models of beam interactions arc applied. 
In ion colliders the so-called strong-strong interaction model is used. In this model 

both beams are affected and change by the beam-beam interaction. 
In the second model, called weak-strong, only one of the beams (the weak one) is 

affected and changed by the beam-beam interaction while the other beam (the strong one) is 
kept unchanged. This scheme is appropriate for proton-antiproton colliders (Tevatron, SppS). 
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II.5.3. Lumillosity Lifetime 

The luminosity decreases during the storage time from the peak value due to loss of 
particles and emittance blow up. Many processes as synchrotron radiation damping, intrabeam 
scattering (JBS), RF noise, multiple scattering on molecules of the residual gas result in 
evolution of the beam emittances. Particles are lost when the beam dimensions exceed the 
magnet aperture or the RF bucket area. Beam-beam interactions could also be a source of 
particle losses. 

In RHIC the luminosity lifetime is determined by the inrabeam scattering which 
results in emittance blow up and loss of particles when the bunch area grows beyond the 
bucket area. The luminosity lifetime of gold beams is IO h which leads to an average 
luminosity of 2x I 026 cm·2·s-1 

- Fig. I 00. 
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Fig. 100. Reduction ofRHIC luminosity caused by JBS - [87] 

Ultra-relativistic ion beams in storage rings are source of synchrotron radiation with 
considerable power. On one hand the synchrotron radiation is a sizable heat load on the 
cryogenic system. On the other hand radiation damping has significant effect on the beam 
dynamics. LHC is the first heavy ion collider in which synchrotron radiation plays an 
important role. 

Calculations show that for the nominal ion scheme at collision energy the power of the 
synchrotron radiation in LIIC per ring will he 83.9 W. The radiation damping time scales as 
A 4/Z5 and for led ions is compatible with the growth time due to intrabcam scattering. While 
for horizontal emittance the radiation damping time at collision mode is 12 h the horizontal 
emittance growth time due to IBS is 13 h. For the longitudinal emittance the figures are 
respectively (>.1 hand 7.7 h. 

II" there were not radiation <lamping atlcr few hours the transverse emittance would 
cxcl:ctb 1hc acccplancc leading to beam losses - fig. IOI. It is radiation damping in LHC that 
cancel., the cllccl of" intrahcam scattering and thus allowing collider to work with high 
lun1ino,ity I I r,11-
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Fig. 101. Evolution of the LHC horizontal emittance due to radiation damping 
and intrabeam scattering - [ 164] 

In ion colliders with very high energy of the beams, like LHC, the main source of 
particle losses are the electromagnetic processes in ion collisions - [64]. These processes have 
been described in 1.2.5. In the ECPP process a secondary beam of 2osPb81

+ ions is generated 
while in EMO process the secondary beam is of the lighter isotope oflead 207Pb82

+. Both these 
beams are lost some distance downstream from the IP. Luminosity lifetime for the nominal 
ion scheme has been estimated to be 5.6 h - [64], accounting beam-beam, radiation damping 
and JBS effects. 

Cooling of the colliding ion beams could counteract emittance growth due to JBS and 
beam-beam interaction and thus increase the luminosity and the luminosity lifetime. For 
example a ten times increase of the RHIC average luminosity, to L=7· I 027 cm-2-s-1

, could be 
achieved by electron cooling at collision energy - [166, 167]. Th_e _electron cooling will 
suppress the emittance growth due to JBS. Electron beams with 54 MeV electrons and 
200 mA average current will be necessary. The electrons could be accelerated by a linear 
accelerator (bunched electron beam). As the power of the electron beam will be very high-
10.8 MW, this must be an energy-recovering linac (ERL). To avoid the recombination of the 
electrons with the gold nuclei the electron beam must be magnetized. The magnetization with 
IT magnetic field in the cooling section will increase the transverse electron temperature to 
1000 eV. 

In the ion collider NICA to increase the peak luminosity and the luminosity lifetime 
electron and stochastic cooling will be applied - [168]. When the equilibrium between 
intrabeam scattering and cooling is reached the luminosity lifetime will he determined by the 
interaction of the ions with the residual gas. The electron cooling will be used in the energy 
range 1-3 GeV/u while the stochastic cooling in the range 3-4.5 GeV/u. 
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