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Foreword 

This report is a summary of work, which was canied out for the working group 
"Accelerator studies" on the long term perspectives of the Gesellschaft fiir Schwe­
rionenfursclmng mbH (Darmstadt, Germany) by the Dudker Institute for Nuclear 
Physics of the Siberian Branch of RAS (Novosibirsk), during the period covering 
March 1996 till March 1997. It describes a feasibility study for the future electron­
nucleon collider with the luminosity 103

·
3 l/[cru2 s] per nucleon in the energy range 

Ji3 = 10 ~ 30 GeV ju. The participants to this report are listed below: 
N.S. Dikansky, A.A Didenko, Yu.I. Eidclman, I.K. Kuksanov, P.V. Logachev, 

A.V. Malinin, P.I. Ncmyitov, V.V. P,u·khomchuk, D.V. Pestrikov, V.I. Ptitsin, R.A. 
Salimov, B.A. Skarbo, A.N. Skrinsky, M.E. Weis, V.E. Yakimenko. 
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Chapter 1 

Introduction 

In this report we present a feasibility study for the construction of the Electron -
Nucleon Collider (ENC), which could providC' the luminosity of electron-nucleon col­
lisions L = 10"" l/[cm2s] in the range of the center of mass energies Vs = 10 + 30 
Ge V ju. The envisaged operational modes of such a collider should enable the colli­
sions of electron against the beu:e ion bunches from protons till ug~8 . Two interaction 
points should be foreseen in the collidcr. Colliding bunches should have at the inter­
action points the longitudinal polari~ation. 

In order to avoid huge beam currents, so challenging value of the luminosity 
must be reached using the most of the modern beam handling techniques. In this 
report we especially examine the limitations on the luminosity performance, which 
are specific namely for electron ion collidcrs. More detailed technical study is left 
for the future designing of such a collidcr. This task will be partially simplified by 
the fact that many requirements for ENC are similar, or dose to those, which are 
specific for the future electron· positron factories (see, for example, in Ref [1, 2]). 
For that reason, we assume that relevant technical solutions, which will be developed 
forB (or, C-T) factories, can be used in the future design of ENC. 

Initial data for the estimations in this report were chosen as dose as possible to 
these from Ref. [3]. 

1.1 Zones for Experiments 

As we mentioned, ENC is planed to h<wc two interaction regions (IR). The require­
ments to the main interaction region are well defined. It must contain the detector 
solenoid (J fldl = 5 Tm, similar to TOPAZ [4]) surrounded by two spectrometer 
dipoles (J Bdi = L7 Tm, sec also in Fig.Ll). Optical requirements for the second 
interaction region arc not well defined yet, except for an assumption that the ,N­
function at this intemction point can be large. Since a collider with different optical 
properties <ll'C more difficult in opemtion, in present design study we assume that 
optical properties are identical in both IR. The studies of the more realistic cases are 
left for the future <ksign. 
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The optical scheme of the main interaction region should provide the observations 
of both the large angle ( e > 10°) and the small angle ( e < 3°) collisions. For that 
reason, the optical elements in the main IR should be placed inside the cones between 
3° < e < 10° (see in Fig.l.l). Since transverse dimensions in such a cone increase 
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Figure 1.1: Schematic layout of the main interaction region. Transverse dimensions 
are measured in rnete~:s, 1- large collision angle zones, 2 -small collision angle zones, 
3 - equipment zones. 

along the path, these requirements may pose additional limitations on the designing 
of the necessary optical magnets (see in Table 1.1). 



6 Introduction 
- --- -- -- - -- -- - - - -- ---- - ------------

Table 1.1: Imwr and outer radii in the 3o -o- 10° cones along the particle path. 

----- --- -- -

Distance from IP lll 1 2.5 3.5 
Inner radius em 5.2 13 18.3 
Outer radius em 17.4 43.6 61 

-- -- -- -- - -- ---- -- ---



Chapter 2 

Design Concepts of the ENC 

The luminosity of nucleon-electron collisions for the bunches with the rms length !5_, 
and round cross sections reads (see, for example, in Appendix A.l) 

L = LoF( !5,/,6), 

Here, L 0 is the luminosity of the short colliding bunches ( !5_, « (3): 

while 

Ee 
X=-~, 

Ei 

(2.1) 

(2.2) 

(2.3) 

- is the form-factor, describing the "hour-glass" reduction of the luminosity due to 
the finite bunch lengths, suffixes i and e mark the values related to ion and electron 
bunches, N, and Ne are the numbers of particles in bunches, E;,e are their ernitt.ances, 
(3 is the value of the {3-function at the interaction point, A is the atomic number of 
the ion. As is shown in Fig.2.1, the luminosity is a decreasing function of the bunch 
length. For that reason, the bunch length (cr,) should not considerably exceed the 
value of the ,6-function at the interaction point. 

The design goal is to find the parameter sets of ENC, which enable in the electron­
proton till electron-U~58 operational modes the luminosity L = 10:13 l/[cm2s] per 
nucleon. 

2.1 Limitations on the Luminosity Performance 

2.1.1 Beam-beam instability 

Let us first. examine the limitations on the luminosity performance due to the beam­
beam instability of the colliding bunches. This manifold phenomenon will be dis­
cussed in more detail in Chapter 3. Here, we use the fact that the strengths of these 



8 
Design Concepts of the ENC ----- ------------ ------------------- ---------~--~-~-~-

LO 

0.8 

63:' 0.6 

tr 
C( 0_4 

02 

0.0 
0 2 3 4 5 

oJf3 
Figure 2.1: Dependence of the luminosity 
on the bunch length. This graph shows that 
for O's/ (3 = 1 the luminosity reduction factor 
is about 25% as compared to the luminosity 
for collisions of the short bunches ( 0'., « 
,13). For O's/ f) = 2 this factor increases till 
approximately 45%. 
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instabilities can be described in terms of the threshold values of the beam-beam 
par-ameters_ For the case of ENC, the beam-beam par-ameters for electron and ion 
bunches of the round cross section read 

(2.4) 

and 

Here, we take that velocities of the colliding par-ticles almost coincide with the speed 
of light (vi,e ""c), Ze is the char-ge of an ion and mp is the proton mass- If we express 
the luminosity in terms of the energy of the colliding par-ticles in their center of mass 
reference system ( vs) 

s (mpc2
)

2 + (mec2
)" + 2Ee(E, + jE{- m~;;1) 

~ 4EeEi, fi• fe >> 1, (2.6) 

where Ei and Ee ar-e the energies of the ion and electron respectively, we may replace 
fe in Eq-(2.4) by le"" s/(4meTT!pC4!i) to find 

(2_7) 

Assuming that the threshold value of ~e is better understood and taking as a base 
the value ~e = 0_05, which is common, for instance, for B-factories [1], we stand for 
N;/Ei in Eq-(2.1) its expression from Eq-(2.4), or from Eq.(2-7) 

Ni 

That results in 

(2.8) 

or 

These expressions show that the luminosity increases with an increase in /c, or s, 
but for given s and Ne it decrease with an increase in li-
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2.1.2 Space charge effect 

The calculated w1lues of the ion bunch densities should not contradict to a require­
ment that the so-called Laslett tune shift for ion bunches 

(2.10) 

must not exceed some threshold w1lue. For a conventional ion storage ring this 
threshold depends ou the modulations of ,3-functions and generally can be increased, 
if the modulations arc not very deep and if the superperioclicity of the ring is high 
enough. 

As was pointed out in Refs [6], for the reasons, which will be discussed in the 
Chapter 3, for ENC with a strong cooling of ion hunches, the emittances of electron 
and ion bunches must be set to be equal (X = 1). In [7] it was also shown that in 
the case of ENC with two interaction points, this threshold value must be some safe 
fraction of E;.. The reason is that, if b.vr, > 2E; (two interaction points) and provided 
that X "" 1, the incoherent oscillations of ions become unstable, when ion betatron 
tunes occur above the resonant values (v~>c 1 ;o: n/m, nand marc integers), whereas the 
incoherent oscillations in electron bunch and the dipole coherent oscillations of ions 
become unstable, when Vbct <::: n/m. The requirement that E; > b.vL eliminates such 
a contradiction in the stability condit.ions for coherent and incoherent oscillations of 
the ion bunch. We also note that even in the case, when the stability of coherent 
oscillations of ion bunch is provided using some additional damping, a contradiction 
in the stability conditions for incoherent oscillations in ion and electron bunches 
results in a strong difference in their ,!!-functions clue to self-consistent beam-beam 
interaction [5]. 

Taking as a possible threshold value b.vr, "" E; (two interaction points), we find 
that in the space charge dominance region the ratio Nd E; should not exceed its 
threshold value 

(
N') A 4KEo( ud'27r 
Ei th Z2 1'p II 

(2.11) 

Correspondingly, in this region the luminosity varies according to 

(A)" c"y"u 12~ L = - fbNcF(()~i~; ,v _ _", 
Z ,ch P II 

(2.12) 

This equation and Eq. (2.9) show that for a given value of /i; the luminosity of ENC 
as a function of the ion energy has a maximum (see in Fig.2.2), which occurs when 
Llvr,( f.;) = Ec(f.;) L 

1l\!lore generally, when ~vz_.('yi) = R£.c("f-J, where R,::; 1. In this caS.(\ we write 
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Figure 2.2: Schematic dependence of the 
specific luminosity (L/Ne) on ''fi. The max­
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or 

A m'P u, J:Z1r " 
fc=-z----- -IT--ti) 

nl·c . 
(2.13) 

(2.14) 

The transporting of particles with such energies demand the following magnetic rigidi­
ties of the ion and electron storage rings: 

3/4 ( ) 1(1 
(BR); = 3.126 x (:fl) . ~= F(j, 

Z CY,y21f v 2 
[Tm] (2.15) 

A 1/'1 ( II ) -1/1 3/2 
(IJR)c = 3.126 X (··· ) ----cc (2s) 

Z u,J21r 2 
[Tm]. (2.16) 

These equations show (see also in Fig.2.4) that the required rigidities for electron­
proton mode of ENC axe in the range (BR), ::; 100 Tm, while the electron-ion modes 
demand the rigidities in the range (BR), = 100 -i- 200 Tt11. 

Substituting (r;)ma.x from Eq.(2.14) in, for example, Eq.(2.12), we find for the 
maximum value of the spPcific luminosity ( L INc) the following expression 

(2.17) 

An inspection of Fig.2.3 indicates a broad maximum in the dependence of the max­
imum specific luminosity in Eq.(2.17) on the bunch length (() at ( "" 0.75. Since 
(7e)m= ex u;~'1 and (/';)max ex 1lu!i', it makes not a big sense to choose (far from 
( = 1. According to Eq. ( 2.1 7) and provided that the ion bunch cooling ensures 
(~;)th = (~e),, = ~' the higher luminosity performance is more feasible for higher Js 
(see also in Fig.2.5). If, for some reasons, the electron and ion energies deviate from 
the optimum values, the S]Wcific luminosity of ENC decreases. This dependence is 
more sharp in tlw region, where f';::; (!,)max and hence, (LINe) ex 'if. 

2.1.3 Synchrotron radiation losses 

For optimum specific luminosity higher JS generally correspond to higher electron 
energies (see also in Fig.2.6). Moving along the closed orbit the electrons lose their 

and 

rnp-'- Is~ ( 1R) 1/1 3/"' 
('r,.)max = ;~/.,· ZCJ ( 2 ) ' 

so that posit,ion of t.he optimum doPs not indicates a strong ckpendence 011 a.n exact value of R 
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Figure 2.4: Dependences of the magnetic rigidities of the ion (left figure) and electron 
(right figure) storage rings of ENC on the center of mass energy. The rigidities were 
calculated for particle energies corresponding to the maximum specific luminosity; in 
both figures from top to bottom the lines correspond to the electron -- U~~8 , electron 
- deuteron and electron - proton operational modes. 
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2.1 Limitations on the Luminosity Performance 15 

energy due to the so-called synchrotron radiation. If the orbit consists of the sectors 
with the constant curvature radius R, the electron energy loss per turn reads 

(2.18) 

These energy losses must be compensated by the RF-system of the ring. The required 
power of the accelerating RF -system of the ring 

P "' 0.09 (Beh~:?
4 JbNe. (2.19) 

should not exceed some reasonable value. Substituting in Eqs (2.18) and (2.19) 

(
A y'2) I/4 3; 2 

(B ) . = m c2 ·- CJ_, ____7f (?-"-) 
crnax p Z IT 2 ' 

and calculating Nc using Eq.(2.17) and L = 1033 1/( cm2s), we find that in the energy 
range 10MeV /u :S: ..jS :S 30MeV /u and for all ions till U~is the synchrotron radiation 
power although reaches the range of several MW, still is in a reasonable region (see 
in Fig.2. 7). Both this value and the electron energy loss per turn increase for higher 
energies. However, even if we demand the RF-voltage as twice as higher than En 
the required power of the RF-system remains within 10 MW, which is typical for a 
factory-type collider. Hence, the energy losses of electrons do not pose a strong limit 
on the luminosity perfom1ance in ENC. 

2.1.4 Collective instabilities 

One more limitation on the intensity of electron bunches may occur due to their 
collective interactions with surrounding electrodes, which can result in various insta­
bilities of the bunch coherent oscillations. Postponing a detailed discussion of these 
phenomena to the Chapter 6, we shall mention here only several limitations. Specific 
features of possible instabilities depend on the memory in the system, or on the fre­
quency bandwidth of electrodes. The interaction with electrodes, which remember 
the induced fields during the time intervals exceeding the bunch to bunch period, 
results in the so-called multi-bunch instabilities. In the multi-bunch collider these 
instabilities must be damped using relevant feedback system anyway. 

In this subsection we shall estimate the limitations on the bunch intensity due 
to interaction with a wideband system, which can cause the so-called single-bunch 
instabilities of the transverse oscillations of the bunch. These can be the so-called 
head-tail instability and the instability due to the coupling of the synchro-betatron 
modes of the bunch. The increments of the head-tail instabilities are proportional to 
the lattice chromaticity, which must be carefully compensated to provide stability of 
both coherent and incoherent oscillations. 
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The synchro-betatron mode coupling instability occurs due to merging of the 
frequencies of the (dipole) betatron coherent mode and its nearest synchro-betatron 
sideband. For a given Ne, the threshold value of the coupling impedance of the 
vacuum chamber can be estimated using 

( I ) 27r E,. li O"s 
Z nth= v.,-,r 2-· R-3 , 

"e w0 0 

(2.20) 

Here, vs is the tune of the syncchrotron oscillations. An inspection of the dependence 
of the threshold value of the pipe impedance on vs (see in Fig.2.8) shows that without 
special efforts the mode coupling instability can limit the luminosity performance in 
the electron-proton collider for ,js ::; 17.5 GeV /u and in electron-U~~8 collider for 
,j.s ::; 12.5 Ge V ju. 

2.1.5 Beam loading of the RF-system 

One more limitation on the lower required value of the RF-voltage can be caused 
by the so-called beam loading of accelerating cavities (see, for example, in Ref.[1]). 
A beam, passing an accelerating mvity, leaves there the wake-field disturbing the 
accelerating field. The resulting field corresponds to the dctuning of the cavity down 
the resonant frequency (in our case, /k = /b) by the ,-unount (see in Ref. [14] for 
more detail) 

(2.21) 

Here, I, = /bZeN is the beam current, Zk is the shunt impedance of the fundamental 
mode of the accelerating cavity, Ch is its quality factor. In order to maintain the 
desired accelerating voltage the resonant frequency of cavity must be shifted up by 
the amount of !::..fk· Here, z,, is the shunt impedance of the fundamental mode 
of the accelerating cavity and Qk is its quality factor, I, = ZeN;,e/b (for electrons 
Z = 1). An inspection of the results, shown in Fig.2.9, indicates that without special 
efforts the loading of the fundamental mode of the accelerating cavity by the electron 
beam can limit the luminosity performance ( l::..fk/ f0 ::; 0.1) in electron-proton collider 
starting from ,j,9 <::: 17.5 Gc V and in electron-U~~8 collider starting from vs ::; 13 
GeV. 

2.1.6 Beam cooling and intrabeam scattering 

The desired value of the luminosity 103
" [cnc2s-1 J can be achieved only in the case 

when Ne, ~e and /b m·e high enough. In particular, the threshold value of~; must 
essentially exceed the values, which an~ typical for conventional schemes of hadron 
colliders (~;·""'"' ~ 0.001). That is possible only in the case, when the ion bunches 
are cooled, so that the cooling enable suppressions of the higher order betl.lu-bea.m 
resonances. Assuming that the fast ekctmn cooling can be employed to cool the ion 
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energy loss per turn. 
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bunches and that the ion bunches have about equal betatron emittances as well as 
equal and constant {:!-functions along the cooling region, we write 

(2.22) 

Here, 

estimates the betatron cooling rate of the monochromatic bunch (6 = 0), while the 
form factors 

and 

2 + ::2 
(1- z2)2 

2 + ::2 
--- ---

(::2-1)2 

3:: arcsin( vi =--~2) 
------

(1- ::2)5/2 

3:: ln( z + -/::,2 - I) 
- (~2:.. 1)5/2-

z ~ 1, 

describe dependences of the cooling decrements on the bunch momentum spread 
[z = (6h)Vli,./E], n,. is the density of the cooling electron beam, suffix c marks the 
values in the cooling region, l is the length of the cooling region. 

The lower limit on the rate of electron cooling poses the intrabeam scattering 
(IBS) in ion bunches (see, for example in Refs [8], [9] and [10]). Here, we follow Refs 
[8] and [9] and evaluate the IDS lifetime as the sum of the partial cmittances growth 
rates 

A = 1 riE, + 1 dEz 1 rf62 
it -it + ' 2 -dt . E_, ( • Ez ( u 

Ion bunches reach the equilibrium due to cooling, if their parameters satisfy an 
nequality 

Straightforward calculations, based on the Landau kinetic equation (see, for ex­
ample in Chapter 5 and in Appendix C, section C.1), show that for a FODO-like 
lattices the main contributions to A can lw estimated using the smoothed focusing 
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approximation, when one takes D'" -t R0 /v;, {3 -t R0 /v'" (II= 2nR0 ) and when A is 
determined by the following expressions 

(2.23) 

2+a . a-1 (~--) 
G(a) = -~ 

1 
arcsm a- - 3, 

For small synchrotron oscillations in the bunched beam (u, « II/nb) the bunch 
length and the bunch momentum spread are related via 

which determines the required acting accelerating voltage in ion ring (V). The en­
tering in these equation values Ni and E can be expressed in tems of Ne using the 
relationships flvL = 6 and 

(2.24) 

That results in 

N = Ne"! s_ u_s__ 22f ex: £__ ( /2ir) 1/2 3/4 

' 2vAZ II N/4 ' 
(2.25) 

and 

E = (Z) 3
/

4 
Nerp (us/2ir) 114 

['T ex: (Z) 2 

A 47r~ II V ~;, A 
(2.26) 

Since the density of the cooling electron beam in the cooling region must exceed the 
density of the ion bunch, using these formulae we can also find 

(2.27) 

This expression shows that the ion beam density and required density of the cooling 
beam increase with ~Is proportional to the maximum specific luminosity. The bunch 
emittances of the cooled bunches for various y'S are shown in Fig. 2.10. These data 
enable evaluation of the cooling times and of the IBS growth rates (Fig. 2.11). 

In the colliding beam operational mode the equilibrium bunch emittances are 
strongly affected by the beam-beam and probably by the space charge (for ion 
bunches) instabilities. For that reason, the calculation of the equilibria parame­
ters, which take into account a balance between the beam cooling and IBS does not 
make big sense. For a single beam operation, the estimations of such equilibria do 
not approach any extraordinary regions of bunch parameters (see in Ref.[9]). 
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Figure 2.10: Dependence of the ion bemn emittance (left axes) and of the rms ion 
beam radius (right axes) on Vf>. Solid cmve and full dots: electron- proton collider, 
dashed curve and full crosses: electron - U~~8 collider. Electron and ion energies 
correspond to the ma.ximn value of the specific luminosity, the number of particles 
in electron bunch is chosen to fit the requirement L = 1033 l/(cm2s). 

2.2 Luminosity Lifetime 

As fm as the colliding bunches an~ cooled, the luminosity lifetime is determined by 
the pmticlc losses from bunches. We write 

or 
dL -- = 
dt 

L 1 1 1 
- =- + -. 

T T Tr: Ti 

Here, Te and T; are the lifetimes of electron and ion bunches 

1 dlnNe 

dt 
1 dlnNi 

-- ------

Ti dt 

If T is the nm time, the average value of the luminosity during the nm 

1 (T . 1-exp(-T/T) 
< L >= T Jo L(t) = Lo-- (T/T) -----

(2.28) 

will be smaller than its JWak value (L0 ; see also in Fig. 2.12) In pmticular, after the 
lifetime T the luminosity depression is 11bout 40% (Fig.2.12). 

Below we discuss several examples, which are most specific for ENC operations 
and which give main contributions in the bunches lifetimes. 



2.2 Luminosity Lifetime 23 

lE+l 

•• IBS Lifetime 
• • • ,........, • • •• 00 I • •• • '--' 

§ .... 
00 
1=1 0.1 
0 u +· 
C1.l + 
s + + + 
~IE-2 + +' + + + --

IE-3 
10 15 20 25 30 

(d'2 [Gev/u] 

Figure 2.11: Dependence of the cooling time and IBS growth rate (symbols) on JS. 
Solid curve and full dots: electron - proton collider, dashed curve and full crosses: 
electron - ug~8 collider. Electron and ion energies correspond to the maxium value 
of the specific luminosity, the number of particles in electron l.mnch is chosen to fit 
the requirement L = 1033 1 I ( cm2s), the density of the cooling electron beam is taken 
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Figure 2.12: Dependence of the average luminosity ( < L > I L 0 ) on the nm period 
T. 
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2.2.1 Radiative recombination lifetime 

When passing the cooling device the ions can be lost due to their recombination with 
the cooling electrons. Since the capture of an electron occurs due to collisions with 
small impact parameters, for the parameters of ENC the leading contribution to the 
recombination rate gives the radiative recombination. For the conditions, specific for 
the cooling devices, the recombination coefficient was calculated in Ref. [11]. In the 
beams rest frame system it reads 

~'? ,2 [ b1 ~- ~,-b4lnq] Crw· - 3~Z7 e C!J In!]+ bo + q;1; 2 + 1}4; 3 + 21}2 - · (2.29) 

Here, q = Zcr/(vjc), a"' 1/137, vis the relative velocity of the colliding particles, 

bo = 1.143, b1 = 0.33, bz = 0.039, 

b3 = 0.068, bl = 0.046. 

The life time was calculated using 

"rf ___ . n 
neC,w l' 

l is the length of the cooling section. 

(2.30) 

In the case of ENC, the recombination will take place in strong magnetic field, 
while the bunch densities of electron and <'specially light ion beams will be very high 
(on the cooling section n > 1010 1/cm3 ). It is not very clear will the described ra­
diative recombination process still dominate, or the recombination coefficient will be 
modified due to effect of the magnetic field and/or due to high (phase space) densi­
ties of the cooled buncht's. For example, the measureents at NAP-M [12] indicated 
much faster decrease in the recobination coefficient with an increase in the velocities 
of the Larmour circles that with an increase in the electron Larmour velocities. The 
growth of the recobination coefficient with an increase in the magnetic field was also 
observed at ESR [13]. The nature of tlwse phenomena is not dear yet. For that 
reason, additional studies of the recobination in very cold ion beams on the cooling 
section are very desirabk. 

2.2.2 Lifetime of electron beam 

The life time of electrons was estimated assuming that most important are the loses 
of electrons dne to their collision with ions at the interaction points. The dominating 
process is the bremsstrahlung of electrons on the counter moving ions, when the 
energy of the radiatl'd photons exceeds the energy aperture of the ring. If the cross 
section of this procc'SS is u, the rate of such loss reads 

dN, 
dt 

(2.31) 
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which yields the lifetime of an electron bunch 

(2.32) 

Here, 

(2.33) 

while IlEa/ Ee is the relative energy aperture of the electron ring. This limitation 
is the most severe for heavy ion collider modes of ENC. As is seen from the Tables 
2.2 - 2.4, the shortest lifetime of electron bunches is expected for the electron-U~~8 
mode of ENC, where it varies from 1600 to about 500 secm,ds. 

8 
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Figure 2.13: Dependence of the lifetime of electron beam due to elastic single scat­
tering of electrons on the bax·e uranium ions on JS. 

These numbers can be compared, for example, to the lifetimes of electron bunches 
due to clastic single scattering of electrons on uranium ions (Fig.2.13), when typical 
lifetimes are in the 6 -- 9 hours region. The last process can be, however, important 
populating tails in the transverse distribution of electrons (sec in Fig.2.14). In the 
tail regions the particles arc strongly affected by the beam-bemn resonances, which 
may transport them to lm·ger oscillation amplitudes. 

Rough estimation of the tail population can be obtained multiplying the produc­
tion rate of the pmtides with amplitudes exceeding some amount of u _1_ ( C;1 = /E~1 /E) 
by the synchrotron radiation dm1rping time. For the optimum luminosity conditions 
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Figure 2.14: Dependence of the tail population on .jS. Solid and dashed lines describe 
the electron-Ui~s mode; characters describe the electron-proton mode. Dashed line 
and full crosses give a Gaussian tail population. 

relevant production rate reads 

lVc _ . 1f ':. (d ~r ) z" 2c2 
----- _ "-' 128 foF(() -, 
dt \ A CA{s 

(2.34) 

As is seen from Fig.2.14, this effect is not important for the electron-proton mode, 
where for most energies the t.ail population in electron bunches is determined by the 
fluctuations of the synchrotron radiation of electrons. On the contrary, for electron­
U~~s mode the contribution of the Coulomb collisions to the tail population dominate 
(see in Fig.2.14). 

The evaluation of the beam lifetime due to common effects of the Coulomb scat­
tering and IJe,un-beam insta!Jility demands tedious simulations. For the case of ENC, 
that should also take into account the space charge of the ion beam so that the codes, 
which were developed for the electron-positron colliders, very likely will not work 

2.3 Parameter Sets 

Described facts and equations were used for the calculations of the parameter sets 
enabling the luminosity of clcctnm-nucleon collisions L = 1033 1/[cm2s] in the energy 
range 

10 [Gt'V /u] <::: vs <::: 30 [GeV /u] 

In our estimations we considered as limiting cases the electron-proton, electron­
deuteron and ele;ctron-U~~' operational modes of ENC. General parameters of ion 
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Table 2.1: General parameter list 

Closed orbit perimeter 
Collision frequency 
X= Ee/E; 

---Tkm 

Curvature radius in bending magnets 
;3-function at IP 
Rms bunch length 
f!av 
Dx,av 

Momentum compaction factor 
,6-function in cooling section 
Length of the cooling region 
Cathode temperature 
Longitudinal magnetic field in cooling region 
~e = ~i 

60 MHz 
1 
60m 
10 ern 
10 em 
12m 
1.6 m 
0.006 
200m 
50 Ill 
0.1 eV 
0.5 T 
0.05 
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and electron rings of ENC for these estimations are listed in the Table 2.1. The as­
sumed perimeters of the rings are more relevant to the electron-proton mode with 30 
GeV protons (BR = 100 Tm). As is seen from Fig.2.4, if we demand the maximum 
specific luminosity, such a magnetic rigidity of the ion ring can enable the opera­
tion of ENC in the electron-ion mode with A/Z = 2 only at low energies ( !8"" 10 
GeV /u). Wider ion energy ranges are possible, if the ion energy is shifted down 
the energy, corresponding to the maximum specific luminosity. However, in such a 
case, the suppression of the specific luminosity (L/Ne ex: 1[) and the requirement to 
maintain the designed luminosity demands higher electron beam currents and higher 
energies of electrons. On its turn, those result in the increase of the necessary power 
of the RF -system of the electron ring. 

According to Fig.2.4 in the desired interval of the center of mass energies more 
relevant magnetic rigidity of the ion ring is BR = 200 Tm. For the case, when the 
magnetic system of the ion ring of ENC is performed using the normal-conducting 
elements, the perimeters of the closed orbit must be enlarged till approximately 2 
km. A limitation, for some reasons, of the perimeters of the ENC rings by the values 
"" 1 km, will make necessary to use for the magnetic system of the ion ring the 
super-conducting elements. 

The results of the calculations (see in Tables 2.2 and 2.4) show that in the consid­
ered limiting cases the high luminosity performance in ENC abough is feasible, but 
encounters various problems. For example, in the electron-proton operational mode 
of ENC (see in the Table 2.2) huge cooling beam densities big cooling beam currents 
are required to ensure short enough cooling times of ion bunches. For electron­
positron colliders ~th va,ries proportionally to >.Y2 (or, even >.Y3

). Even if we adopt 
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this scaling rule for EN C, the cooling times of proton bunches still are too long to 
ensure 6 c::o 0.05. More reliable requirement for the cooling times will be figured out 
during future studies. A comparison of the Tables 2.2 and 2.3 shows that shorter cool­
ing times can be achieved in the electron-deuteron mode due to (.\c)opt ex: (A/Zj712 

The colliding electron bunch intensities, which arc necessary to ensure L = 1033 

l/[cm2s], are rather high. That will results in embarrassments due to collective 
interactions of these bunches with surrounding electrodes requiring a serious R&D 
study of the necessary damping feedback systems. Again, the electron-deuteron mode 
meets less problems. 

In the electron-U~~8 operational mode the main limitation on the luminosity per­
formance occurs due to short lifetime of electron and uranium bunches (see in the 
Table 2.4). Since (L/Ne)mn•c ex: (A/Z)'i' and J 11 ex: Z 2

, the lifetime of electrons due 
to their bremsstrahlung on the bare ions var-ies according to 

1 1 
T~n ex: if'T'zvi ex: z. 

This problem is specific for electron-heavy ion modes of ENC. Scaling the electron 
beam lifetime from Ui~s (500 s) to lighter ions we find that it approaches to one 
hour only for Z c::o 15. For all intermediate cases, it is short enough to demand 
the preparation of electron bunches in additional booster synchrotron prior to their 
injection in ENC. 

The radiative recombination lifetime of ba.re uranium bunches can be made longer 
using artificial excitation of the Larmour motion of electrons prior they enter the 
cooling region. The radius of the Lannom circle, corresponding to the cathode 
temperature 0.1 e V is 1·L = 1.5 fLlll, while the minimum value from the maximal 
impact parameters of adiabatic collisions varies in the range 260 fi.m - 90 fi.HL An 
increase in the electron L<l.rmour velocities by a factor, for example, 3 decreases the 
value of the Coulomb logarithm for about 20%, while the lifetime increases 3 times. 
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Table 2.2: Parameter set for an electron-proton collider, calculated assuming that 
(t:..vL)th = E,; RF-voltage in the proton ring 50 kV, and E' = 0.05. 

JS l?eV] _ _ . --- lo ] l ~ ~ 
~]J~CJfic ~~mmos1ty (x10-21 ) [1/c!Il2s] 2.3 ~ 12 
NiX 10 3.6 2.6 2.1 
Proton Beam Current [A] 0.35 0.25 0.2 

I Proton Energy [Gev] 17.21 24.34 ' 29.81 
Emittans [nm] 57 14 6.3 
MomentumSpreadx105 7.1 5 4 
Z/n [Ohm] 1.8 3.3 ' 4.5 
!::..fload/ fo 0.14 0.1 0.1 
IDS Growth Time [s] 6.4 1.6 0.7 
Cooling Time [s] 0.13 0.03 0.02 
Betatron Cooling Time [s] 3.3 0.8 0.4 
Longitudinal Cooling Time [s] 0.14 0.036 0.02 I 
Density of Cooling Beam (xlO 10) [1jc1n3

] 0
1
.
4
4 1

1

1
9
._1
9
51- 2

8
.rl_ 

Current of Cooling Beam [A] I 

Rms Beam Radius [ern] 0_.3_4 1 0.1_ Ll.1.1 I 
Current Density of Cooling Beam [A/cm2

] 19 1 55 101 
I Radiat. Recombination Lifetime [h] _ 87 ~61 50 

Ne X 10 10 43.3 I \5.3 , 8.3 
Electron Beam Current [A] 

1
4_
4
.' 

4
1._5

1 
I o7._~ 

11 

Electron Energy [ Ge V] v v 

Emittance [nm] 57 14 6.4 
Synchr. Radiat. Energy Loss per Turn [MeV] 0.007 0.43 4.9 I 
RF-Power [MW] 0.028 0.63 I 4 
Z/n [Ohm] 0.027 1.0 8.5 

~~;~~ahlung Lifetime [h] L ~~ ___ 
0~~4 ~ 0-~~16 _ 
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Table 2.3: Parameter set for an electron-deuteron collider calculated assuming that 
(b.vL)th = ~;; RF-voltage in the ion ring 12 kV, and~; = 0.05. 

vs [GcV] --T 1CJ~-
Specific Luminosity ( x 10-21

) [1/cm2s] 5.5 
N;"X-w'-1o -- -- ---- 1.1 I 

----··-

I 20 30 
15.5 28.5 
0.77 0.6:3--

Ion Beam Current [mA] 104 74 60. 
Ion Energy [Gcv /u] 14.47 20.47 25.07 
Ernittans [mn] 14.3 3.6 1.6 
Momentum Spread x 105 3 2.1 1.7 
Z/n [Ohm] 7 13.7 19.4 
Llftmd/ fo 0.2 0.13 0.12 
IDS Growth Time [s] 1.13 0.28 0.12 
Cooling Time [s] , 0.012 

Betatron Cooling Time [s] ---G0.34¥ 
Longitudinal Cooling Time [s] 0.013 
Density ofCcloli!1g be,ir11-(x10-H~Ti/cm"T . 0.5 

0.003 0.001 
0.07 0.03 
0.003 0.001 

-

1.4 2.5 
i Current of Cooling Beam [A] ' 4.2 3 2.4 

ns Beam Radius [em] 0.17 0.085 0.056 

l!Te·r-rt D. cnsi.t .. y. o.f Cooling.· Bear .. n [A/ cn.r
2

] 23 
Radiat. Recombination Lifetime [It] 52 

' Nc X lrlc:-1 0 . - ---- .. --- ---- 18.2-1 

65 120 
I 36 30 
' 6.439 

·---c-

3 " .0 

Electron Beam Current [A] 1.75 0.62 0.34 
Electron Energy [ Ge V] 1. 73 4.9 8.98 
Emittance [nm] 14 3.6 1.6 
Synchr. Radiat. Energy Loss per Turn [MeV] 0.013 0.86 9.7 

· RF-Power [MW] 0.023 0.53 3.3 
Z /n [Ohm] : 0.1 

Llftoad/ fo 11.3 
Brcmsstralrluug Lifctimejlr] 44 

3.7 31.3 
i 0.007 0.0003 

I 20 14 
·--
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Table 2.4: Parameter set for an electron-U~~8 collider calculated assuming that 
(ilvL)th = 6; RF-voltage in the ion ring 7 kV, and t;1 = 0.05. 

~}~~VLminosity ~x 10-21 ) [1/c~n2s] ·i,"'.~---,-2~;c;;co4---,---;3~~~~4 -~ I jf X w-7 '··---t-;:;-7.5 ,,, ·-·o"'" .. ""3"2-+--4'"".o;c35c-l 
Ion Beam Current [mAJ 66.5 47 38.4 
Ion Energy [Gev/u] 13.57 19.19 23.51 
Emittans [nrn] 8.6 2.1 1 
Momentum Spreadx 105 2.1 1.5 1.3 
Z/n [Ohm] 11.5 23 33 
Llftowl/ fo X 103 3 2 2 
IDS Growth Time [ms] 6 2 0.7 
Cooling Time [ms] 4 1 , 0.5 
Betatron Cooling Time [ms] 120 30 13 
Longitudinal Cooling Time [ms] 5 4 0.6 
Deltsity of-Cooling Be-am (xii:l-"7) [1/cm3] 5.6 15.8 2!5:--
Current of Cooling Beam [mA] 28.8 20.4 16.6 
Rms Beam Radius [em] 0.13 0.065 0.044 
Current Density of Cooling Beam [A/cm2

] ! 0.27 0.76 1.4 
Radiat. Recombination Lifetime [s] 786 556 434 
Ne X lOC.iD . ··--- 13.2 I 4.7 2.5 
Electron Bcmn Current [A] 1.3 0.45 0.24 
Electron Energy [GeV] 1.8 5.2 9.6 
Emittance [nm] 8.56 2.14 
Synchr. Radiat. Energy Loss per Turn [MeV] 0.017 1.1 

o.95 .I 

12.6 
RF-Power [MWJ 0.022 0.5 
Z/n [Ohm] 0.16 6. 

~;;'~~~;0~lung Lifetime [s] f6~~ 07~~4 
---~-·· 

3.0 1, 

51 ' i 
0.0002 i 
5~j 



Chapter 3 

Beam-Beam Instability 

The motion of a particle passing the interaction region is perturbed by the space 
charge fields of the counter-moving bunch - the so-called beam-beam interaction. 
If the bunches move in identical rings the collisions occur with the rotation period 
divided by the number of interaction points (IP). For that reason, such a perturbation 
results in numerous resonant phcnonwna. Their strengths and relevant increases in 
the particle oscillations amplitude depend on the values of the particle oscillation 
tunes. That a manifold phenomenon may result in the instability of both coherent 
and incoherent oscillations of colliding bunches, limiting the value of the collider 
luminosity (see, for example in Fig.3.1 ). 

Due to nonlinear dependence of the beam-beam kick on the particle offsets (see, 
for example, in Fig.3.2), the interactions of colliding bunches result in numerous non­
linear effects: in the dependence of the tunes on the particle oscillations amplitudes 
and in the excitation of various nonlineaJ: resonances. Dependences of particle tunes 
on aJnplitudes result in the spreading of the bunch image in the working space of 
tunes (vx, Vz and vs) over some area·· the so-called footprint of the bunch and in the 
saturation of the particle mnplitude blow-ups. 

Although, a detailed description of the beam-beam instability in a particular 
ring is very complicated, there are several parameters, describing the most crucial 
features of this instability. One of those is the so-called bemn-bearn parameter (~), 
which describes the mnplitnde of the perturbing kicks and which is equal numerically 
to the tune shift of linear oscillations of partide8 per one interaction point. Expecting 
similar behavior of colliding bunches in similar· conditions we may design new colliders 
scaling the results, obtained studying this instability on previous rings. 

When designing a high luminosity electron-nucleon collider, where the particle 
energies ar·e not very high, the choice of a good working point. should take into account 
the instabilities of ion bunches due to their space char·ge. The intensities of electron 
bunches are not limited due to space charge effect. Then, a joint requirement of the 
stability of colliding bunches against. the becnn-bear1r and space chm·ge instability 
demands an employment. of asymmetric lattices. The tunes in the electron ring 
can be chosen slightly a.bovc intl'gl'r resonances (the case of two interaction points). 
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Figure 3.1: An example of the dependence Figure 3.2: Dependence of the beam-beam 
of the luminosity on the tune. Relativis- kiek on transverse offset of a particle. The 
tic e+e- bunches, which have round cross strong bunch has a round cross section 
sections ((Jx = (Jz), one IP, equal betatron and a Gaussian distribution in transverse 
tunes, synchrotron radiation damping "" coordinates. 
1000 rotation periods, E = 0.1, L 0 is the 
luminosity without beam-beam perturba-
tions. 
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In the ion ring the total tune shift for linear betatron oscillations is equal to the 
difference between the Laslett tune shift (6vL) and the tune shift due to the beam­
beam interaction (for two IP 6v00 = 2~, where~ is the beam-beam parameter) 

In the case, when the Laslett tune shift exceeds the beam-beam one (6vL » 6vbb), 
the stop bands of the be<U1r-beam and of the space charge resonances occur above the 
resonances of the unperturbed lattice (in the simplest case, above v = n/m, where n 
and m <U"C integers). Hence, the ion tunes should be chosen slightly below integers. 
Indeed, the ratio between 6v1, and 6v06 depends on the beam intensities and sizes. 
For that reason, a good position of the working points in ion ring will depend on the 
operational mode employed. 

In general, two main approaches are used to study the lirnitations due to beam­
beam interactions of bunches. These are the so-called weak-strong bunch approxima­
tion and the so-callt'd strong- strong bunch approximation. The weak-strong bunch 
approach is based on the tracking of the motion of a particle (or of some ensem­
ble of particles; weak bunch) neglecting the perturbation of the strong beam by the 
weak one. This method is a most widely used for designs and yields numerous useful 
predictions conceming the single p<nticle beam-beam dynamics. 

3.1 Linear Effects 

The effect of the resonance pertmbations due to bemn-bea.m interactions is usually 
studied within the frmnework of the so-called weak-strong bunch approximation. It 
implies a study of oscillations of a pm·ticlc from the weak bunch in a given field of 
the counter-moving strong bunch. So that a selfconsistent behaviour of the colliding 
bunches is ignored. The simplest predictions concerning the stability of the pmticle 
oscillations can be obtained in the linem· approximation in the particle transverse 
offsets. If a pmticle moves in the interaction region with the average velocity c, and 
the strong bunch with the velocity -c, each time passing IP a particle feels the 
kicks, which in the linea.r approximation in the particle offsets and for a Gaussian 
density of the counter-moving bunch m·c described by the following equations (see in 
Appendix B.l) 

(3.1) 
dp,. 4N,Z~2 

-(- -. -- -) .>,(s + ct)x. 
ds crT,. cr,. + cr z 

Here, N2 is the number of pmticks in the counter-moving bunch, cr,. and CTz me its 
r.m.s. horiwntal and vertical sizes, Ze 2 = -e1e2 arc the charges of particles, c is 
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the speed of light and s is the path along the closed orbit_ The linear density in the 
bunch >..(s) is supposed to be a periodic function of s, which repeats with the period 
of the collisions. 

3.1.1 Beam-beam instability of short bunches 

Between the final quadrupoles the unperturbed ,@-functions vary according to 

Then, if the rms bunch length is small as compared to minU3z, ,6".) [us « min(Oz, ,6,.)], 
we can replace >..( s) by the periodic 8-function. Using a linear mapping between IPs 
(with the betatron phase advances fi(x,z)o), we obtain new tunes 

COS flz = COS flzO - 21f~z Sin flzo, (3.2) 

and new ,@-functions 
sin flzo 

,6z = ,6zo-:~- - (3.3) 
Slllflz 

Here, we introduced the so-called beam-beam parameter for vertical oscillations 

Similar parameter 

~z =-NzZe
2
,6z --. 

21rpcu z( Ux + (} z) 
(3.4) 

(3.5) 

describes the beam-beam kicks for the horizontal oscillations For a ring with two 
interaction regions we have f1 = 1rv. In a linear approximation in ~z Eqs (3.2) and 
(3-3) yield 

A ~.6z 
UVz C::0: 2~z' ~6 - C::0: -21f~zCOtj1zo· 

, zO 

The oscillations are stable provided that I cos Jlz I <; 1, or (for two IP) 

(3.6) 

(3.7) 

The stability diag;ram for (sec in Fig.3.3) indicates the stop-bands below the reso­
nances v = n. Above the resonances the width of the stability diagram dramatically 
increases. Such a position of the stop-band relative the resonance value of the tune 
occurs due to the positive sign of the tune shift for particles with e1e2 < 0 (a true 
resonance condition reads Vzo + t-.vz = n). For the sarne reason, above the resonance 
the value of the ,6-funetion in the IP can be substantially smaller than the unper­
turbed value (see in Fig.3.4). As far as the luminosity of the collider is proportional 



36 Beam-Beam Instability 

LO 

~h 
0.8 

0.6 

0.4 
[ tmstablc J 

0.2 

Figure 3.3: The stability diagmm for lin- Figure 3.4: Dependence of the {:f.-function 
ew· betatron oscillations. Two interaction on the tunc of unperturbed betatron oscil­
points. lations. Two interaction points; I; = 0.05. 

to 1/<l,o-z oc 1/Vl'i,/12 , we may expect relevant increase in the luminosity in such 
a region. The value of ,6 function increases, when v0 approaches the lower border 
of the stop-band. In this region of the tunes the luminosity drops. The described 
behavior of the stability diagTCun and of the dependences of ~-functions on the tunes 
make more preferable the choice of tlw working point in (v,, vz) when these tunes 
only slightly exceed the integers. 

The tunc shifts for colliding bcmns with a round cross section are obtained, if we 
substitute in Eqs (3.4) and (3.5) <7, = o-z = o-. In that case, we write 

~ = N"~c2,ilz = N_2_Ze!_ 
· z 47rpco- 2 47rpCEz ' 

where Ez = o- 2 /dz is the vertical bunch emittance. 
Similcu-ly, for horizontal oscill<ltions we have 

N 2 Ze 2 

~. = -
47rpi'E, 

(3.8) 

(3.9) 

Hence, the values of the bcmn-beam p<mnnetcrs for the vertical and horizontal oscil-
lations will be equal ( ~" = ~z), if E., = Ez. ; f 

3.1.2 Hour-glass effect 

If the colliding bunches ,m, not short as compw·ed to the value of the ~-function 
at the interaction point, the calcnlat.ions related to the bewn-bemn instability must 
take into account that in the interaction region the low- P insertion makes a waist in 
the bunch shape. That. results in th(' so-called hour-glass effect. 
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Betatron Oscillations 

In the hour-glass region the calculations of betatron tune shifts must take into ac­
count longitudinal distributions of particles in the bunches. It means that simple 
expressions for the beam-beam tune shifts can be obtained using the perturbation 
theory. For long colliding bunches apart from assuming ~ « 1, it also demands an 
assumption that the so-called disruption parameter is small: 

Then, the tune shifts can be obtained averaging the equations for the phase variables. 
For two IP simple calculations result in 

(3.10) 

The integral in this equation is essentially simplified, if ,6-functions of the colliding 
bunches are identical and if f3x(s) = ,6z(s) = {-i(s). In such a case, we write 

6z(s) 
o--;(s)[ux(s) + O:z(s)] 

,6(s) 
------··-···-···--

,6(s)[V£z + JE.;;]JE;; 

so that Eq.(3.10) is reduced to the following 

1 
--·-··-----

[ Vfz + JE,:] VEz 

(3.11) 

If also the vertical and horizontal emittances of the strong bunch are equal (Ex = 
Ez = E), the colliding bunches will have at the interaction point a round cross sections, 
while the tune shifts of the vertical and horizontal oscillations become equal 

N,Zc2 

~Vx = ~Vz = 2~ = 2- --
47rpCE 

(3.12) 

Note, that in both cases the tune shifts of betatron oscillations do not depend on the 
bunch lengths. If we repeat the calculations for a particle, executing the synchrotron 
oscillations (s = ct+as cos(7/Js), ~Js = w0 vs), the tunc shift in Eqs (3.11) and (3.12) will 
not depend on the amplitude of the synchrotron oscillations either. In other words, 
for colliding bunches with the round envelopes or with the round cross sections the 
synchrotron motion does not increase the dimension of betatron resonances in the 
space of oscillation amplitudes. 

For flat colliding bunches (ux » D"z and ,6x » i3z) more typical is the region, 
where Us "" ,6z « Ox and, therefore 
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(3.13) 

In this case, the tune shift of vertical betatron oscillations substantially increase in 
the region, where u, » ,tJz (see in Fig.3.5). For off- synchronous particles one also 
should expect an increase in t:.vz with an increase in amplitudes of the synchrotron 
oscillations. Apart from the blow-up of the width of the beam footprint in the vertical 
direction, this fact results in the increase of the dimension of betatron resonances and, 
hence, in more fnwdom for pcutic:les to leave the bunch core, traveling along these 
resonances. 

The described dependences of betatron tunc shifts on the bunch length show that 
the round cross section geometry of colliding bunches generally simplifies the particle 
dynamics in the colliding bunches. 

Synchrotron Oscillations 

The longitudinal modulation of the potential drop of the counter-moving bunch due 
to the bunch waist results in the energy kick, when particles pass the interaction 
region. On its turn, such kicks yield the tune shifts of synchrotron oscillations due 
to beam-beam interaction. Simple calculations using equations in Appendix B.l 
(see also in Rcf.[15] ) result in the following expression for the tune shift of linear 
synchrotron oscillations 

(3.14) 
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Here, ap is the momentum compaction factor of the ring, 1/8 is the tune of syn­
chrotron oscillations. For the discussed parameters of ENC ( U~~8-ion bunch: (3 = 10 
em, ap""' 0.02, 1/8 ""' 0.001, II= 1000 m, E = 2 X 10-7 em) Eq.(3.14) yields 

For the electron ring the value of v, can be taken about 50 times higher so that 
even taking into account larger emittances, the hour-glass tune shift for synchrotron 
oscillations in electron ring will be correspondingly smaller. 

Finally, we note that in both cases distortions of the RF -potential well due to 
interactions of bunches with surrounding electrodes may give the contributions com­
par·able to the described here bcarn-bearn tunc shifts of the synchrotron oscillations. 
A comprehensive study of the perturbations of synchrotron oscillations of colliding 
bunches demands more car·eful simulations. 

3.1.3 Flip-flop phenomenon 

Numerous limitations on the luminosity performance can be set up by self-consistent 
variations of the bunches parameters due to their bear1r-bearn interactions. In general, 
this is a very complicated problem. However, useful predictions can be done in the 
cases, when the limiting phenomenons ar·e described in the linear approximation on 
a particular perturbation. An exarnple of such a problem presents an analysis of the 
coherent stability of colliding bunches (see, for instance, in Ref[10]). When solving 
these problems, we usually assume the pararneters of unperturbed bunches and of 
the ring lattices to be given. 

Another scope of problems, related to the self-consistent behavior of colliding 
bunches, was pointed out a while ago in Refs [16] and [17], where the self-consistent 
emittances of colliding bunches were calculated within the framework of a simplified 
model. That model assumed Gaussian distributions in the colliding bunches and a 
linear dependence of the becmr-bearn kicks on the particles offsets. Though giving 
a limiting view on the problem, the model predicted qualitatively correctly the pre­
viously observed spontaneous breaking of the symmetry of colliding bunches due to 
their beam-bear11 interactions (the so-called fiip-fiop effect). Namely, it was found 
out that collisions of bunches with equal unperturbed be~m sizes, betatron tunes 
and betatron functions at the interaction point may result in a sudden blow up of 
the transverse bearn size of one bunch and corresponding shrink of the size of its 
counter-moving partner. 

This phenomenon can be described using Eq.(3.3), written in the following form 
(see, for example, in Ref.[16]) 

(3.15) 
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For a ring with two interaction regions we have J1 = 1fV. The oscillations are stable 
provided that I cos fL± I S: 1, or (for two IP) 

_c c ~ 1 ("Vo±) ~± -<:: ~th ~ 2
71 

cot ---
2 

, 0 S: Vo± -<:: 1. (3.16) 

Here, the indexes ± maJ::k the ion and electron bunches, i3o± is the unperturbed 
,6-function at IP. 

Defining 

we write 

and 

where 

Similar parameter 

sin(IL+) :r: = ---. ------ 1 

sm(tto+) 

_c ~ N_ZP 2,do 
~+ ~ 4i"cP(D~O":. 

sin(IL) 
'l.j= -···· -
· sin(tto-) 

,eo N_Ze 2 
---- -----

,6_ 47i(pc)+E- · 

E- = !io __ N±z_e
2 

_ 

.d+ 47i(pc)_E+ 

(3.17) 

(3.18) 

(3.19) 

describes the beam-beam kicks for ct>ntral particles in the counter-moving bunch. 
Using Eq.(3.15), we find (B± = 27iE±C0 l) 

(3.20) 

y2 = 1- E"2_:r 2 + 2B_:r; eot(Jlo-) 

that in the case of the strong-strong interactions, the f)-functions of the colliding 
bunches arc not. indept•ndcnt., but must. be found as the roots of Eqs (3.20). 

For the case of symmetrical collisions 

we write 
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1 - B 2 y2 + 2By cot(JLo) 

1- B 2:t2 + 2Bx cot(JLo). 

(3.21) 

The f)-functions of bunches present those roots of Eqs (3.21), which satisfy the 
stability conditions 

cot(JLo/2) 
0 < :t < cot(JLrJ/2) 

- - B ' 0 < y < . . . - - B (3.22) 

Simple calculations show that Eqs (3.21) may have both symmetrical (:r = y) and 
non symmetrical (x # y) solutions. The roots, corresponding to the symmetrical 
case (x = y) read 

(3.23) 

These solutions exist for all JLo (see in Fig.3.6). Asymmetric solutions exist only in 

lE+l~-.----.--.---.-~ 

s= o.os 

lE+O 

lE-1 

lE-2 u..__..J.._ __ _L. _ __, ___ .L.__, 

0.0 0.2 0.4 0.6 0.8 1.0 

Vo 

the regions, where 

Figure 3.6: Dependence of the self­
consistent /)-functions on the unper­
turbed tune. Symmetrical roots. 
Dashed curve shows the stability limit 
,6/{Jo = Btan(JLo/2). 

A
_ 213 cot(JLo) ~ 

0 ----------/ . 
1- B 2 

(3.24) 

These roots read 

1 [ {A2(J32 - 3) +4] 
y = 2 A + V - -1 + B 2 -- ' (3.25) 

These roots correspond to the flip-flop case, when transverse size of one bunch 
( VE,6) becomes essentially larger than that of its counter-moving partner (sec in 
Fig.3.7). Note, that in the region cos(JLo) > 0 such solutions appear only in the case, 
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Figure 3. 7: Dependences of the ,6 functions on the unperturbed tune. Flip-flop 
solutions. Dashed curve shows the stability limit /3/,60 = B tan(/Lo/2). 

when the beam-beam par·mueter is unrealistically lar·ge (right picture in Fig.3. 7). 
Note also, that in realistic region (B < 1) ,md in linear approximation the stable 
fiip-fiop solutions occupy relatively narrow band in tunes (see in Fig.3.8). 

An inspection of the solutions of Eqs(3.20) shows that initial asymmetry in un­
perturbed tunes (vo±) and~) functions (,!lo±) does not cure the instability very much. 
In such a case, the fiip-fiop effect may take place in the region 

cot(/Lo+/2) 1 --- < 
B sinJLo-

1 
---- '> 

sin(/Lo+) -
cot(JLo-/2) 

B 

Typical behaviour of the non flip-fiop solutions is shown in Fig.3.9. 
Although our calculations were performed in the linear· approximation in the 

particle offsets, we may expect (and that is observed in col!ider operations) similar 
breaking of the symmetry of colliding bunches, if the non-linem· beam-beam kicks are 
taken into account in a self-consistent way. In such a case, the flip-flop phenomenon 
can be expected ncar- the lower borders of the stop bands of the non-linear beam-beam 
resonances. For the caoe of ENC, such a possibility demands more cardul study. 

3.2 Nonlinearity of the Beam-Beam Force 

Nonlinear· dependences of the bemn-beam forces on the particle offsets result in nu­
merous limitations on the luminosity performance. First, it produced the nonlinear­
dependence of the particle tune shifts (~v) on the amplitudes of the particle oscilla­
tions. Since the forn' is a dec<tying function of the particle coordinates, for ENC the 
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tune shifts are spreaded within the range 

It means that the bunch forms a surface in the space of the tunes. A projection of 
this surface on some plane (ll"' liz), (ll"" v,), or (liz, lis) is usually called as a footprint 
of the bunch. An example of such a footprint is shown in Fig.3.10. The symmetrical 

0.2,..---------------. 

0.2 

v_ 0.1 

0. 1 

0.0 L_ __ ...J.._ __ ....l_ __ _j_ __ ___J 

0.0 0.1 0.1 0.2 0.2 

Figure 3.10: An example of the footprint of the sort bunch (u"' « (3); round cross 
sections,~= 0.1 

shape of the footprint is specific for bunches with the round cross section. 
Apart from producing the tune shifts, the beam-beam interaction generates nu­

merous nonlinear resonances, when 

(3.26) 

Since for the counter-charged pmtides the bemn-bcmn tune shift is positive, one­
dimensional bcmn-bccnn resonances occur below the resonance tunes (lla = m,x/n, 
where m.,x and n <ll'C integers, a = :r, :, s). Due to the dependence of these tune 
shifts on the amplitudes of oscillations of particles the resonant conditions define 
some surfaces in the space of cnnplitudes of particle oscillations so that the pmticles, 
which m·e trapped in the resonance, can travel along those surfaces, increasing the 
beam size, or decreasing the beanr lifetime. 

The strengths of these resonances is determined by the hmmonics of the Hmnilto­
nian of the interaction of a pmtide with the field of the counter-moving bunch. For 
the head-on collisions, the deflecting bemn-bemn forces are the odd functions of the 
displacements of a partick fmm t]l(' bundr center. It means that only even harmonics 
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of the interaction Hamiltonian in phases of the particle oscillations will contribute in 
the beam-beam perturbation (m, = 2k,). The bunch separation at the IP breaks up 
this symmetry exciting new families of the beam-beam resonances~ Such a separation 
can occur, for example, if the bunches execute at IP coherent oscillations. 

If ,()-functions of the electron and ion rings in the interaction region are equal, 
then, for short colliding bunches ( O" s « ,G) with a round cross section both betatron 
tune shifts and the strengths of the beam-beam resonances do not depend on ,()­
function at IP. In this case, the perturbation of the betatron oscillations of a particle 
is described by the potential 6r(s)U(r!jO"':) (for the counter moving bunch suffixes 
( +) and (-) change their places)~ Writing 

r = {;3~J:cos(¢."), z = {i3:J~cos(¢z), 

and 

we find 
,G+ Jx cos2 (¢x) + Jz cos2 (¢z) 
-- . ·-----~ ·~~~ 

,()_ Ex+ Ez 

Hence, the perturbation does not depend on {} provided that l'i+ = ,6_ = ,G. 
The beam-beam resonances make the phase space of the particles very non­

uniform. For the lower order resonances such a non-symmetry occurs not necessarily 
in the close vicinity of the resonance. That can be traced inspecting dependences of 
the phase harmonics of the bunch distribution function in the phase space 

lo
co lo2n d'ljJ 

1'1Nm = dJ -f(J,'Ij;)exp(-imq!)~ 
0 0 27r 

on the unperturbed tunes (see in Fig~3~11). ViPible decreases in amplitudes of the 
shown harmonics indicate decreasing in the strengths of relevant resonances. 

3.2.1 Effect of the beam cooling 

A possibility to reach in ENC the luminosity in the range of 1033 l/[cm2s] per nu­
eleon is strongly based on the employment of a strong cooling of the ion bunches~ 
Mainly, such a cooling is necessary to ensure a possibility to reach as high as possible 
the threshold value of the beam-beam pa.r·a.r1reter for ion bunches. We remind the 
reader that in the case, when the bunch intensities are limited by the bea.rn-bea.rn 
interactions, the luminosity of a collider: 

(3.27) 

can be written in the following form 

(3~28) 
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Figure 3.11: Dependence of m11plitudcs of the 2nd, 4th, 6th and 8th harmonics of 
the phase density (ilNm) on the betatron tunc. Short colliding electron-positron 
bunches with a round cross section, one IP, ~ = 0.1. The data was calculated for the 
number of turns, corresponding to 5 synchrotron radiation damping times. 
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According to Eq. (3.28), for given bunch emittances, a strong decrease in the threshold 
value of~' will result in a corresponding decrease in the luminosity of the collider. For 
example, in conventional hadron colliders, which do not use beam cooling, the typical 
threshold value of~ is about 0.001, which is approximately two orders of magnitude 
less than that, achieved for e+e- colliders. In these conditions an essential increase 
in the luminosity of hadron colliders without the beam cooling can be done only by 
stacking of huge ion currents. 

The beam-beam resonances of higher orders can be suppressed by the beam cool­
ing. That is why the threshold values of~ for electron-positron colliders essentially 
exceed those for hadron colliders. An exact evaluation of the necessary cooling rate 
is a very difficult task. In the case of electron cooling, it also is embarrassed due to 
nonlinear dependencies of the cooling rates on amplitudes of particle oscillations. 

A rough criterion can be estimated compar-ing the power of the beam cooling (Aa2
, 

where a is an amplitude of oscillations) and the powers of the beam-beam resonances 
(Vm(a)). In the first approximation of the perturbation theory the amplitudes v;, are 
exactly equal to the absolute values of the harmonics of the beam-beam Hamiltonian 
in betatron phases and azimuth (B), if e is chosen as an independent variable. For 
that purpose, we note that for bunches with a round cross section the values Vm can 
be presented in the following form 

~(J2 
Vm(a) = T Qm(a/!1), m = 2k, (3.29) 

where u is the rms bunch radius. The cooling will suppress the resonances, if for 
some amplitudes holds the following condition 

A a 2 

Qm(aju) S: Wo~ (;;:) (3.30) 

An inspection of the Fig.3.12 shows that for the synchrotron radiation cooling this 
condition holds for resonances above 1/15 for amplitudes a <:; 5u. In these calcula­
tions we accepted that the power of the electron cooling decays when the partiele 
leaves the bunch core. The cooling decrements for small amplitudes (a « u; A0 ) 

were taken the sarne, or Ao = 100AsR. As is seen, equivalent suppressions of the 
beam-beam resonances for ions occur, when the electron cooling decrements for small 
mnplitudes 100 times exceeds that due to synchrotron radiation. This number is cer­
tainly too big for practical applications. Fortunately, the bemn-bemn resonances of 
long bunches can be significantly suppressed for high m11plitudes of betatron oscilla­
tions and provided that the m11plitudes of synchrotron oscillations arc not very big 
(sec, for exmnple, in the next subsection). 

We would say, however, that effect of the electron cooling on the beam-beam 
instability and especially on the threshold value of~ must be more carefully studied 
in the future. 
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Figure 3.12: To compmison of the powers of the beam cooling and beam-beam 
resonances v = 1/G, v = 1/10 and v = 1/lG. Dashed curve (small dashes) shows the 
power of the synchrotron radiation cooling ( SR-cooling). Lower dashed curve (long 
dashes) shows the power of electron cooling with same cooling decrement for small 
amplitudes ,,s the SR-cooling. 
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3.2.2 Long bunches 

For long bunches ( o-s co: (3) exist long intervals of phases of the betatron oscillations, 
when a particle crosses the interaction region at some angle (e ~ aj (3). That results 
in two important effects: 

• the suppressions of the strengths of at least some beam-beam resonances; 

• in the excitations of the synchro-betatron beam-beam resonances. 

The consequences of these effects are different for bunches with round and flat cross 
sections. 

For bunches with identical (3-functions and round cross sections at the interaction 
point the dependences of strengths of the beam-beam resonances (V) on amplitudes 
of betatron oscillations and on the amplitude of synchrotron oscillations as well as 
on the bunch length can be factored 

(3.31) 

Here, a,, az and as are amplitudes of the horizontal, vertical and synchrotron oscil­
lations. In this equation the factor Yq,= describes the so-called phase averaging effect 
[18]. For short bunches (o-, ---+ 0) of a round cross sections Yq,m, = 5m,_o, while for 
long colliding bunches IYq,m, I <::.: 1. A more close inspection of typical dependences of 
these factors on the bunch lengths and on the amplitudes of synchrotron oscillations 
of particles (see in Fig.3.13) shows that an increase in the length of the interaction 
region provided that Js co: (3 substantially decreases the strengths of the beam-beam 
resonances of the core particles (as <::.: o-8 ) and almost does not affect the strengths 
for the particle in the bunch tails (as » o-s)· For that reason, the strength of the 
beam-beam instability for long bunches can be suppressed, if the diffusion processes, 
populating the longitudinal tails of the bunches, are suppressed. 

If colliding bunches are flat, then usually the horizontal bunch size (o-,) essentially 
exceeds vertical one (o-z) and /3, » ,6z. Such a bunch is a long one, if 

,6z CO: J s « (3,. 

The resonances of horizontal oscillations are almost not affected by the phase averag­
ing. The strengths of vertical betatron and synchro-betatron oscillations are strongly 
suppressed for small amplitudes of synchrotron oscillations. However, for large arnpli­
tudes of synchrotron oscillations (as» o-s) the strengths of these resonances increase. 
So that the suppression of resonances for flat bunches requires stronger bearn cooling. 

All these features make as a more preferable designing of ENC to have a round 
cross section and the rms bunch length approximately equal to ,i)-function at the IP. 
In such a case, the phase averaging gives "the averaged suppression coefficients" for 
resonances with k ;::: 8 in the range co: 0.1. That makes feasible the high luminosity 
operations, provided that the cooling times for small arnplitudes me in the millisecond 
reg;ion. For longer cooling times, we probably may usc the e+e- scaling that f.th ~ 
\ lf3 
Ao . 
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Figure 3.13: Dependence of the st.rpngths of betatron (vb = 1/4) and of the first syn­
chrobetatron resonances (8vb± v, = 2k) on the amplitude of synchrotron oscillations; 
1: ( = 0.1' 2: ( = 1. 

3.2.3 Coherent beam-beam instability 

The beam-beam effects produce a twofold influence on the stability of the coherent 
oscillations of colliding bunches. First, the dependence of the particle tunes on am­
plitudes results in the enhu·gement of the bunch frequency spreads. This increases 
the Landau damping of coherent. oscillations and thus, increases the widths of the 
stability diag;rams for cases, when the bunch interacts with surrounding electrodes. 
The widths of such stability diagrams correspond to the tune spreads about 0.17 x ~ 
(see, for example in Ref.[10]). 

The beam-beam interaction may produce a resonant instability of coherent os­
cillations of colliding bunches [19]. The coherent tunc shift for this effect is about 
twice as large as the incoherent tune shift. As far- a~ coherent beam-beam oscilla­
tions become unstable due to the mode-coupling instability, for short bunches they 
are not stabili~cd by the Landau dmuping due to the bemn-bemn tune spread (see, 
for exmnple, Ref.[20J, or Rcf.[lO]). 

Most phenomena for incoherent and coherent beam-bemu instabilities are very 
similar. If~ > 0, the stopbands of one-dimensional coherent beam-bem11 resonances 
are found below the resonant tunes. For long bunches (us '=" ,13) the strengths of 
the coherent bemn-beam resonances an~ suppressed for small m11plitudes of coherent. 
oscillations [21]. Dependences of relevant suppression factors on the bunch length are 
very similm· to those, shown in Fig.3.13. Since the incoherent beam-bemu tune shifts 
arc not affected by t.h(' phase averaging, the phase averaging of coherent beam-bemn 
resonances may open the possibility to suppress the instability of higher modes due 
to Landau damping. 
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The growth of the unstable coherent beam-beam oscillations is limited by a nonlin­
ear dependence of the coherent tune shifts on the amplitudes of coherent oscillations 
(this nonlinearity also affects the spectra of these oscillations). However, the values 
of the stationary amplitudes are usually well outside the bunch radii. If, for exam­
ple, for some particular coherent resonance (v = njm, where nand marc integers) 
holds the condition E » lv- nfml, then the amplitudes of the stationary coherent 
oscillations can be evaluated using 

n 
~ = v- - < 0. m-

An equivalent increase in the bunch effective cross section limits the luminosity sim­
ilar to the instability of incoherent oscillations. 

N2 N21~1 
Lex . ex----. 

u2 + a2 "E st ~ 

3.3 Ion Space Charge and the Beam-Beam Insta­
bility 

If the ion energies are not very high, due to deep cooling of ion bunches the perturba­
tions of the ion motion due to their Coulomb repulsion may have as strong effect as 
the beam-beam perturbations due to the interaction with the counter-moving bunch. 
In general, both effects produce the (nonlinear) tune shifts of the unperturbed oscilla­
tions and the resonant perturbations of the ion phase space, creating there numerous 
buckets (or, the so-called islands). If ions populate these buckets (due to a scattering, 
or due to some other mechanism), the phase space density of the ion bunch dilutes 
resulting in a decrease in the luminosity. The nonlinearity of the force perturbing 
the ion motion depends on the bunch radii (the radius of the electron bunch in the 
case of the beam-beam interaction, and the radius of the ion bunch in the case of the 
space charge instability). 

In conventional cases, when either beam-beam instability, or the space charge 
instability dominates, an increase in the bunch radii can substantially decrease the 
strengths of the leading nonlinear resonances. In the case of the presently discussed 
ENC ([8]), both kinds of perturbations may have comparable strengths especially for 
highly charged ions. Since the beam-beam interaction increases and the space charge 
repulsion decreases the betatron tunes of ions, depending on the bunch densities the 
common effect of these perturbation can produce both positive and negative tune 
shifts of the ion betatron oscillations. For that reason, some features of the beam­
beam interactions and of the space charge instability in ENC may differ from that 
in conventional machines. 

In this section we discuss the limitations on the luminosity performance in ENC 
due to common effects of the beam-beam and of the space charge interactions of ions. 
For the sake of simplicity, we assume that the bunches have round cross sections. 
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3.3.1 Ion tune shifts 

Since we expect that the bunches blow up due to resonant perturbations, important 
issues are associated with the values and with the amplitude dependences of the 
tune shifts of the particle oscillations. In this section we calculate the tune shifts 
of betatron oscillations for synchronous particles. The unperturbed oscillations are 
described by the following formulae 

di!J . .,,z 

ds 

/t,,6:(~) cos(l!;, + x,(s)), 

{izf3z(~) cos('I/Jz + Xz(s)), 

d 1 

dx 
p, = Pds' 

dz 
Pz = P ds' 

-[v +I!; ] = l ."\.X,Z , x,z IJ ( s ~ 1,~ 

(3.32) 

Here, we neglect the effects due to the lattice dispersion, p = AM7c is the momentum 
of the synchronous particle, pJx,z/2, 1/!x,z are the action-phase v-ariables of betatron 
oscillations and 27r R0 is the perimeter of the closed orbit. The char·ge distributions 
in the bunches, producing the perturbing fields ar·c taken as Gaussian ones 

p,(r, t) (3.33) 

p,(r, t) = (3.34) 

Here, suffixes i and P mar·k the ion and electron bunches, A.,,c( s) arc relevant linear 
densities, (J;,, ar·c nns bunch radii, Ze is the char·ge of an ion. The total force 
perturbing the ion motion is the sum of thl' contributions from the electron beam 
space charge (F(c)), acting at the interaction region, and from the ion bunch space 
char·ge (FCil), acting along the closed orbit 

(3.35) 

For the chmgc distributions, given in Eqs (3.33) and (3.34), the calculations of p(c,i) 

result in the following expressions for the tunc shift of, for example, horizontal beta­
tron oscillations of the synchronous ion (two interaction points; see, for example in 
Ref. [10], or in Appendix D.2) 

(3.36) 

Here, 

(3.37) 



3.3 Ion Space Charge and the Beam-Beam Instability 

is the beam-beam parameter due to space charge of the electron bunch, 

/:::,vL = N,~Ze)2A.,(O)I_":I 
47rp; C"fJ' E 

is the Laslett tune shift of the ion bunch, 

{' ( x + z) (tz) [ (tx) (tx)] Qx(:t, z) = Jo dtexp -t-
4

- Io 4 Io 4 - h 
4 

, 
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(3.38) 

(3.39) 

and Im( x) is the Bessel function of the imaginary ar·gument. The tune shift for 
vertical oscillations is obtained from Eqs (3.36) and (3.39) substituting z +--t x. Eqs 
(3.36) and (3.39) enable various calculations concerning the tunc distributions in ion 
bunches. Simple expressions for the tune shifts are obtained for one-dimensional 
cases, when 

(3.40) 

and 

Qx(x = 0, z) = exp( -z/4)[10 (z/4) + 11 (z/4)]. (3.41) 

As it was expected, the common effect of the beam-beam interaction and of the 
space charge of the ion bunch results in a reduction of the tune shifts of betatron 
oscillations of ions. If /:::,vbb = 2E oJ 6vr, and the electron and ion radii arc not equal, 
the dependencies of, for example, /:::,vx on the amplitudes of the horizontal ( {f:/~~) 
and vertical ( jJz/ E;) oscillations ar·e non-monotonous functions of their arguments 
(see in Fig.3.14). If the amplitudes of oscillations increase, the tune shift /:::,vx initially 
also increase and tends to zero after passing the maximum. According to Fig.3.14 
and if the difference 2E- 6vr, is not very small, the position of this maximum occurs 
outside the ion bunch and sightly outside the electron bunch. For that reason and 
in the region, where 2E 2: /:::,vL, the resonant conditions 

(3.42) 

where n and rn. are integers, are held for two sets of ar1rplitudes. One set occurs dose 
to bunch cores, while the other - well outside. In the case of collective resonances, 
that may cause a resonant coupling of the core and tail particles of the bunch. 

If 2E < 6vr" the resonant condition in Eq.(3.42) yields unique roots, when /:::,m,n < 
0 and the doubled roots when /:::,m,n :;> 0. The position of the stopbands of relevant 
beam-beam (or the space char·ge) resonances is correspondingly shifted from the 
found for the conventional case (/:::,vL = 0, orE= 0). 

The plotting of the footprints for the described cases (sec in Fig.3. 15) indicates an 
increase of thP resonance spot area, when the difference in the bunch radii increases. 
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Figure 3.15: The footprints of ion bunches. From inside to outside Ec/E; = 1, 4, 7, 
10; ~ = 0.05, /:,.vL = 0.15. 
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3.3.2 Simulations 

Described properties of the tune shifts of the ion betatron oscillations may affect both 
the space charge and the beam-beam instabilities of the ion bunch. A comprehensive 
simulation of the beam-beam and of the ion space charge instabilities is a very hard 
task. However, it seems that, in general, the beam-beam interaction producing more 
shar-p perturbations may result in more dangerous instabilities. In this section we use 
a simplified model to examine how the common action of the beam-beam and of the 
space char·ge fields affect, for example, the beam-beam instabilities of ion bunches. 
For these simulations we take the weak-strong !Jearn model so that the motion of a 
test ion was traced. Twice a turn the test ion felt the beam-beam kick according to 

41TI; J; 

op, = -p iJ I+(T/2)2. (3.43) 

Here, d is the electron lmnch radius. Between the kicks the particle was transported 
using (see, for example, in Rcf.[22]) 

where the factor A= cxp( -AT;,j2) describes the darnping of oscillations between the 
kicks, r,.v(k) arc the independent Gaussian random number generators, providing the 
correct nns bunch sizes without beam-beam interaction ( < 1·>:.v >= 1, < r.".P >= 0, 
< 1';~/t'p >= 0)' 

v0 is the un pertnrbc>d tunc and 

i'>v(r) = - ____ f':.l!f· . . , 
1 + ;z; + v11 + :r 

J 
:r = 

E 

is the space clrar·ge tunc shift. The particle displacements :r were measured in units 
of v/3'E, while the particle morncntum - in units of F/2. Initial conditions for these 
calculations were chosen at the origin (:r;" = 0, p,,_,n = 0). To simplify the calcula­
tions the cooling decrements were assumed to be independent of the amplitudes of 
oscillations. 

The calcubtions with this simplified model show that in the case, when i'>vL 2': 21; 
the safe region of the tunes of betatron oscillations is moved from the regions vo > n 
(n is an integer) to the regions, where v0 < n (see in Figs 3.16 and 3.17). Note, that 
in such a case, tht' positions of the centers of the resonant buckets will depend both 
on the electron bunch and ion bunch currents. For the chosen ratio of i'>vL and <; a 
difference in the electron and ion bunch radii results in an additional blow up of the 
ion bunch, when v0 > n (sec in Figs 3.10, 3.17 and 3.18). Figures 3.19 show that in 
the region v0 > n an instability occurs due to resonances of high order. 
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Figure 3.17: Dependences of the test ion action variable on the time (number of 
turns). ~ = 0.05, !:J.vr, = 0.15, v0 = 0.85, A= 0.001; left: Ec/E;. = 1, right: Ec/E;. = 10. 
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3.3.3 Working point for ion ring 

The limitations due to both the beam-beam and the space charge instability are 
mainly caused by non-linear dependences of relevant deflecting forces on the particle 
offsets from the equilibrium position in the bunch. Non-linear behaviors of these 
forces result in the dependences of relevant tune shifts on the particle amplitudes of 
oscillations and in an excitations of various non-linear resonances, when the particle 
oscillations tunes approach resonant values. 

In the discussed cases, the tune shifts due to beam-beam interaction, or due to 
ion space charge, are the decreasing (in absolute value) functions of the amplitudes. 
For instance, for the bcan1-beam interaction ~vb( a) has the following asymptotes 
( n1 r is the number of interaction points) 

~Vb ~ ri.Jp~ { 
The resonant condition, for exan1ple, 

1, 
2/ 2 a a, 

a<< u, 
a» u. 

(3.45) 

(3.46) 

and Eq.(3.45) show that the positions of the resonances in the tune space relative to 
the lines vb = njm depend on the sign of the tune shift of small oscillations. If, for 
example, ~vb(O) is positive, Eq. (3.46) holds only in the case, when V& < njm. So 
that the resonance stopband occurs below the resonance vb = njrn.. On the contrary, 
if ~vb(O) is negative, the stopbands of resonances njm. occur above the resonant 
value vb = njrn.. Such simple reasons become crucial for evaluation of the threshold 
value of the Laslctt tunc shift of ion lmnches in the case of ENC. 

For relativistic electron bunches the tune shifts of betatron oscillations are deter­
mined by the beam-beam interaction only. Since these tunc shifts are positive (see in 
Fig.3.20), the stop bands for resonant perturbations of the electron bunches ar·e placed 
above the resonances vb = njm.. It means that the oscillations of electrons will be 
more stable, if the working point of the ring in v-space is tuned as close as possible 
to v,.z eo: 1. In such a case, vb can be removed form strong lower order resonances like 
vb = 1, 1/2,1/3,1/4, while the perturbations due to resonances of the higher order 
can be suppressed by the synchrotron radiation darnping. A choice of the working 
point in the corner close to some integer is a common for electron-positron collider. 

The values of the tune shifts for betatron oscillations of ions due to bear1r-bearn 
interaction and due to space charge repulsion compensate each other (see in Fig.3.20): 

(3.47) 

Depending on the ratio of the tune shift due to bearn-bearn interaction to ~vL, the 
quantities ~v, can take both positive and negative values so that the Laslett tune 
shift compensates the bear11-bearn tune shift. Generally, due to different spectra of 
the bearu-bean1 and ion beam space char·ge perturbations such a compensation does 
not takes place for the strengths of relevant non-linear· resonances. 
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Figure 3.20: Sdtt'matic variation of the 
working point of betatron o8cillations due 
to beam-beam interaction (solid line) and 
due to the space charge field (dashed line). 
Full cross shows the position of the unper­
turbed working point; full dot its po8ition 
due to cmnmmt effect of the beam-beam and 
space charge pertmbations. 
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In the case, when nrp~ > b.vL, the total tune shift b.vi > 0. As was already 
discussed, in this case the most preferable is to place the working point slightly above 
integers. It occurs, if the value of b.vr, is equal to some fraction of the beam-beam 
tune shift (nrP~i): 

(3.48) 

We also note, that since the particles oscillations are stabilized due the dependence 
of b. vi on a, the blow-up of the ion bunch emittances due to these perturbations will 
be smaller, if C does not approach 1. 

Let us now consider the stability conditions of ion oscillations for the case, when 

(3.49) 

Since b.v1 is now negative, the stopbands of resonances of incoherent oscillations of 
ions are placed above the resonant values Vb = n/m. From this point of view, the 
most preferable become the working points, where the tunes v"' and Vz are placed in 
the corner below integers. Again, the higher order resonances must be suppressed by 
the ion beam cooling. 

On the other hand, a correct choice of the working point must ensure the stability 
of both incoherent and coherent oscillations of ion bunches. As far as the space charge 
forces depend only on relative positions of ions in the bunch, they do not affect at 
least the dipole coherent oscillation of ion bunches. For that reason, the equations 
describing dipole beam-beam oscillations in ENC will not contain the Laslett tune 
shift of ions. Hence, the stability conditions of these coherent modes will have the 
same form like that for electron-positron bunches. Namely, independent of the value 
of the Laslett tunc shift the stopband for the dipole coherent beam-beam oscillations 
always occurs below the integers. It means that in the case, when Eq.(3.49) holds, 
the stability conditions for dipole coherent beam-beam oscillations contradict to the 
stability conditions for incoherent ion oscillations. Since the instability of the dipole 
beam-beam mode is very strong, practically, such a contradiction means that the ion 
ring of ENC can never reach the region of the parameters, where the Laslett tune 
shift exceeds the beam-beam tune shift. 

3.4 Parasitic Crossings 

After a head-on collision at the main interaction point the colliding bunches must 
be separated in order to avoid the parasitic interactions at the neighbor interaction 
points. If the bunch-to-bunch distance is D, then two first parasitic interaction 
point (PIP) appear, when b.s = ±D /2. Usually, the ~-1 functions at these points 
are not small, so that the bunches must not overlap there. Provided that bunches 
arc not shielded elect.romagneticaly, their interaction at such parasitic crossings will 
contribute to the beam-beam perturbation and may result in additional limitations 
on the collider luminosity performance (see, for example, in Refs [2], or [1]). In the 
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case of ENC, the bunch-to-bunch distance is D = 5 m, so that two first parasitic 
crossing points occur at D /2 = 2.5 rn, which is inside of the discussed detector. 

Although the beam-beam interaction at parasitic crossings is a manifold phe­
nomenon, its strength (and effect on the bunch dynamics) can be described quali­
tatively by the values of corresponding tune shifts. If, for example, the bunches are 
separated at PIP in the horizontal plane by the distance d, then simple calculations 
result in the following expressions for the linear tune shifts per one PIP (see, for 
example, in Ref.[2]) 

NZe 2,13, 
27rpcd2 

NZc 2 ,Bz 
21rpcd2 ' 

(3.50) 

where, ,B,.z me the values of ,6-functions at PIP. Usually, the beam separation dis­
tance d is measured in units of u ( u"' for the sepmation in the horizontal plane). 
Defining M = d/ u" and using u_; = ,c•i,,E,, we arrive to 

tlv, 
NZe 2 .c 

":,:1: 

21rpa,,Mi ~-Mi' 

,6z ~'" 
,d, M 2 . 

(3.51) 

These equations show that in the case, when M » 1 (which is typical), the tune 
shifts due to beam-beam interaction at PIP axe small as compared to the tune shift 
of the horizontal oscillations from the main interaction point, except the case, when 

The last possibility may occur for very fiat colliding bunches, which is more close to 
the region of pm-ameters of the future D-factories. 

To conclude this section we make two notes. First, as can be seen from Fig.3.2, 
if M » 1, the strongest. nonlinearity of the beam-beam kicK at PIP occurs for the 
amplitudes of oscillations /J,il "-' d, so that in some sense d defines the dynamic 
aperture of the interaction region. The second, if the bunches collide at PIP at some 
angle so that their average vclocitic's <U"e not a.ntipm-allel, the beam-beam interac­
tion at PIP will be accompanied by excitations of the synchro-betatron resonances. 
Such resonances also occur due to a non-zero dispersion function at PIP for head-on 
collisions at the main IP. The effect of the parasitic crossings on the luminosity per­
fonnancc must be studied more caJ.-dully during design of the pa1ticula.r scheme of 
the ENC. 
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3.5 Conclusion 

A common effect of the beam-beam interaction and of the space charge repulsions 
of ions results in the compensation of the tune shifts of betatron oscillations (a 
compensation of the resonant harmonics of the perturbing forces, generally, does 
not take place). If the bunch radii of the electron and ion bunches are equal, the 
beam-bean1 tunc shift, or the Laslett tune shift must prevail in order to ensure the 
stability of the bunches. In such a case, the luminosity will be determined by the 
smallest threshold value of~. or /':,v£. The dependences of the tune shifts of betatron 
oscillations on the amplitudes are the monotonous (strictly positive, or negative) 
functions so that the resonant conditions in Eq.(3.42) result in unique positions of 
the resonant buckets. The sizes of these resonances in amplitudes of oscillations will 
generally exceed that, calculated for the conventional cases. 

For colliding bunches of different sizes such a compensation results in a non­
monotonous dependences of the tune shifts of betatron oscillations on the amplitudes. 
Correspondingly, the resonant condition in Eq.(3.42) may have the doubled roots. 
Due to a resonant coupling of the oscillations in such buckets these double-root 
solutions may embarrass the collective stability of the colliding electron and ion 
bunches. Since the widths of the buckets in the space of J is inversely proportional 
to (fJ/':,vjfJ.J)" where .!s gives the center of the bucket (a root of Eq.(3.42)), in the 
vicinity of the maximum value of the tune shift the widths of the buckets dramatically 
blow up. If the Laslett tune shift of the ion bunch prevail, the ion bunch footprint 
enlarges, while the space charge resonant stop bands are extended in both sides from 
V:1:,z = n,. 

Described simplified simulations indicate that in the unstable region of the un­
perturbed ion tunes the incoherent beam-beam instability blow-ups the ion bunch 
stronger, when the emittance of the electron bunch is higher than that of the ion 
bunch. On the other hand, we may expect stronger suppression of the high order 
resonances due to the phase averaging effect (see, for example, in Ref. [10]). For that 
reason, a reliable choice of the electron and ion bunch cmittances ratio for the case 
of ENC demands more careful simulations. 

The described contradiction between the stability conditions of incoherent os­
cillations of ions and dipole coherent oscillations of the colliding ion and electron 
bunches eliminates a possibility for the Laslett tune shift of ion bunches to exceed 
the beam-beam tune shift. Moreover, to prevent abnormal blow-up of ion bunches the 
beam-beam tune shifts must significantly exceed the ion bunch.L,aslett tune shifts. 
Say, if the collider has two interaction points so that /':,vbb = 2~, it seems that a 
safe value for /':,vL could be /':,vL :::; ~- In this case, in an analogy with electron­
positron colliders the working points for electron and ion rings can be places in a 
corner slightly above integers. 

The requirement to reach in ENC the highest possible luminosity demands to 
maintain 6 as high as possible. In that case, the reachable values of the Laslett tune 
shifts also will be high. Since the position of the working point in the colliding beams 
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operational mode contradicts to the stability conditions of a single ion beam, it is 
very likely that there will be necessary to develop a special scenario for the initial 
filling up of the ion ring. An obvious possibility of the subsequent filling up of the 
electron and then of the ion rings will very likely suffer due to permanent beam-beam 
interaction of electron and injected ion bunches. 

The mentioned problems arc avoided in the positron-ion collider, when the beam­
beam interaction decreases the tunes of colliding particles. In this case, the threshold 
value of the Laslett tune shift is not limited anymore by its comparison with the 
beam-beam tunc shift. Since both tune shifts are negative, the working points of both 
positron and ion ring can be chosen in a corner below integers (like for proton-proton, 
or electron-electron collider). Doth rings can be filled up more or less arbitrarily, 
deflecting bunches <1t the interaction points. Moreover, an employment of positrons 
as the ion partners eliminates the limitations due to accumulation by electron beam 
of the ions, produced by the ionL-oation of the atoms of the residual gas by electron 
bunches. 

Apart from direct collisions, the tails of ion bunches can be populated due to ion 
drifting along the beam-beam resonances. This effect occurs when the dimension of 
the resonance surface is higher than the dimension of the resonance. If, for example, 
D.vz(a,, az) = n/mz- vz, the cooling of radial oscillations will result in the vertical 
blow-up provided that daz/da" < 0. For this reason, a decrease in the dimension 
of the oscillations tune shifts is very desirable. For the case of the space charge 
predominant ion bunches, such a requirement demands careful simulations. 
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Cooling of Ion Bunches 

According to the disign concepts described in Chapter 2, the high luminosity perfor­
mance of ENC is possible only in the case, when ion bunches are strongly cooled. The 
cooling rates must be sufficient to suppress the intrabearn scattering in ion bunches 
and the bearn-bearn resonances at least of higher orders. Both these requireents to­
gether with the requirement of the collidcr luminosity 1033 1/[cm2 s] demand the ion 
beam cooling times in the region of several milliseconds. 

For bare ions two cooling techniques have been successfully tested up to now. 
These ar·e the stochastic and electron coolings. Both possibilities were exar11ined for 
EN C operations. 

4.1 Stochastic Cooling of High Energy Ion Beams 

In this section we follow to ENC note [23]. 

4.1.1 Theoretical limit for the cooling time 

The stochastic cooling systems cool the bearn using special wide band feedback loops, 
detecting and correcting the deviations of particles from the reference orbit. The 
cooling occurs due to self-action of a particle via the feedback system. For a given 
par·ticle all others prodice in the cooling system the noise signals, exciting additional 
deviations of the particle motion from the reference orbit. The common effect of 
the cooling signal and of these noise signals results in a decrease of the stochastic 
cooling time with an increase in the number of particles in the bearn, if it exceeds 
some threshold value. This threshold number of particles in the bearn occcurs in the 
region, where the damping decrements of coherent fluctuations of the beam become 
compar·able to its frequency spreads. For that reason, the threshold is higher for 
higher bandwidth of the feedback circuit and is smaller for higher Z 2 /A. 

The theoretical limit for the cooling time T that can be achieved by stochastic 
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cooling is given by 

with 

Neff equivalent number of ions to be cooled in coasting beam operation, and 
W bandwith of the stochastic cooling system. 

For bunched beam operation with 

kn bunches in the ring 
Nn ions per bunch, and 
B as the bunching factor, 

one has 
N,II = klJ · Nn ·1/B 

4.1.2 Numerical example for ENC operation 

The comparison of the stochastic cooling rate 1/Tmin with the effect of intrabeam 
scattering 1/Tr ns shows that stochastic cooling should not work for ENC operation. 
For the case of U" 2+ this simple estimate should be also correct, however, the required 
RF -voltage amplitudes have to lw scaled with respect to the ion charge Z and the 
ion mass A. 

J! uo2+ 

NlJ 3 . 1010 3. 107 

kn 200 200 
B(O.lm/5rn) 0.02 0.02 
Neff 3 . 1014 3. 1011 

W(GHz) 10 10 
Trni.n (s) 3. 10 1 30 
TJBs(s) 2. 10'1 0.003 

4.2 Electron Cooling for the Electron-Ion Collider 

The electron cooling method uses the energy exchange between hot ions and cold 
electrons due to their Coulomb collisions. For that purpose, the electron cooling 
device is placed in a special cooling straight section of the ion ring. Starting from 
experiments at NAP-M [12], [24] [27] this cooling method was successfully tested on 
many low and medium energy ion storage rings (sec, for example in [28]). 

Although various schemes were discussed as suitable for different energy ranges 
(see, for example, in Rd.[29]), traditionally, DC-electron beams are used in the oper­
ating elec:tron cooling devices. In such a schenw the electron beam after accelerating 
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till the required energy is transported to the cooling region and then, to the collector, 
where it is decelerated till as low as possible energy. Since in the cooling region the 
ion and electron beam average velocities must coincide, the cooling electrons must be 
accelerated till the energy "'imc2

• For ENC that covers the region 7.5- 16 MeV. The 
power consumption in such a scheme is determined by the lowest possible difference 
in the particle energies at the cathode and at the collector. This parameter is the 
most important for the majority of the electron cooling devices. In the high energy 
region the required power can limit the performance of the cooling device. Generally, 
the cooling times ar·e sensitive to the angular· divergences in electron beam so that it 
must be focused. Tipically, such a focusing is performed using the longitudinal mag­
netic field accompanying electrons from the cathode till collector. For high energy 
cooling devices and long cooling sections the quadrupole focusing is also discussed. 
It is seems, however, that with the quadrupole focusing it is difficult to provide as 
short betatron wavelength of the cooling electrons as it is enabled by the solenoidal 
focusing. 

Radial distributions of the cooling electron velocities may result in the redistribu­
tion of dce1·eents between transverse and longitudinal ion motions. Generally, that is 
accompanied by the shrinking of the cross section area of electron beam providing the 
ion beam cooling. In order to exclude such undesirable redistribution, the dispersion 
function of the ring must be vanished along the cooling region. 

The operations with high intensity cooled bearns have indicated phenomena, 
which can limit the cooling rates of the intense bear11, or even result. in its heat­
ing (see, for exar11ple, in Refs [30] and [31]). These phenomena are not yet. well 
understood. Nevertheless, such possibilities should be taken into account designing 
the cooling device for ENC demanding additional studies. 

4.2.1 Cooling force 

The measurements at NAP-M have figured out a strong effect. of the magnetic field 
of the cooling device on the efficiency of the cooling. Without. magnetic field the 
cooling force in the bcarn rest frame system reads 

4 Z z 4L 1rn e cool! V-Ve ) 3 F = --·. -.-.... ·-- ·~·--·-13 J(ve d Vc· 
m, V- Ve 

Here, Lc=l is the so-called Coulomb logar·ithm 

Lcool =In (P"'~), Pnwx = rnin{v/wv,Tv,a}, p,;,, = e2/rn.v2, 
Pmm 

( 4.1) 

T is the time of flight of a particle through the cooling electron beam, v is the ion 
velocity, Ve is the electron velocity, Wv is the electron bcarn plasma frequency. 

In general case, an effect the longitudinal magnetic field on electron-ion collisions 
separates three different regions of impact pararneters [32]. 
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• Small impact parameters. 

e2 
> P > Pmin = -~- -z, 

mve 
(4.2) 

where v A = v- vile· In this region, the magnetic field does not affect collisions. 
For the "flat" distribution functions in electron velocities 

v1, »VIle= )'2~ 2 rl1 /"i)rn, V.Lc = {i:;;;,, 
where T.1 is the transverse temperature of the electron beam, the contribution 
in the cooling force from this region reads 

(4.3) 

• Intermediate impact parameters. In this region, an electron during collision 
time makes several Larmour rotations near the ion 

V_Le VA 
- = PI. > (J > --

Wr. WL 
(4.4) 

That results in the following contribution in the cooling force 

(4.5) 

• Large hupact parauwters. 
Pma..x > P > PL (4.6) 

In this region, an ion collides with an electron Larmour circle as a whole. The 
contribution of this region in the cooling force in adiabatic approximation can 
be estimated using 

All these expressions a.re calculated in the logarithmic approximation (Lc~l » 1) 
and assuming pair collisions of p;J.rticles. In the dense ion beam (n, "' n), the last. 
assumption can hold only for impact pa.rauwters obeying the following condition 

In the region p ::> p'·""'"", an electron simultaneously collides with several ions and gets 
energy from all of them. Resulting reaction force will contain both the contribution 
from the cooling force of the pmticuhu· ion and the forces, describing the intrabeam 
influence of the cooled ions on each others. Recently [33], using a simplified model 
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it was shown that such an influence of the cooled particles may decrease the cooling 
rate, or even result in the beam heating, when either ion bunch intensity increase, or 
the bunch momentum spread decrease. For that reason, the ion bunch density must 
not strongly exceed the density of the electron beam. 

The cooling force reaches its maximum near v = vue 

D 2Z 2 2/3 rmax = en . (4.8) 

At the NAP-M facility, when the magnetic field in the cooling section was about 
0.1 T, the dependences of the longitudinal cooling force and of the cooling decrements 
fit well an assumption of a partially magnetized electron beam [34]. In that case, the 
cooling force grew proportionally to 1/v1-"" The minimum transverse cooling time 
in these measurements was less than 50 rns. Fm the case of ENC, the goal for the 
design of the cooling device is the ensure a predominance of the adiabatic region in 
the cooling of ion bunches. 

4.2.2 Experimental background 

In order to prove the ideas of the fast cooling a single-pass installation was con­
structed [35]. It included an electrostatic accelerator of H- ions (energy 830 ke V), a 
solenoid with a very homogenous magnetic field (6.fl j B = 10-5

) in the range 0.1 
0.4 T, an electrostatic ion energy spectrometer. In order to study the dependence of 
the cooling force on the sign of the ion char·ge the H- ions could be stripped using 
the special magnesium target, which was placed at the entrance in the solenoid. The 
electron bearn was formed in the electron gun, which was placed in the magnetic field 
of the solenoid. Then, it was transported along the solenoid magnetic field to an elec­
tron collector. The interaction of ions with the electron bemn resulted in variations 
of ion energies and transverse velocities, which were detected by the electrostatic 
spectrometer. The measured data showed that (Fig.4.1) the cooling force for neg­
ative ions (H-) was several times higher than that for positive ions(H+). With an 
increase in the electron current the cooling force grew up and attained its maximum 
value at a current of 5 mA (forB= 0.3 T; see in Fig.4.2). These measurements also 
indicate a significant increase in the maximmum cooling force with an increase in the 
magnetic field of the cooling device (see in Fig.4.3). 

The observed limitation on the cooling force occured due to an increase in the 
longitudinal electron bearn temperature. The last can increase during transporting 
the electron bearn to the cooling section due to intrabear11 scattering of electrons. 
In a strong magnetic field only fast collisions contribute in such a blow-up of elec­
tron teperature. The suppressions of the intrabemn scattering in electron bearn by 
the magnetic field of the cooling device (sec in Fig.4.4) can be described using t.hc 
following empirical equation: 

(4.9) 
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Figure 4.1: The cooling force (ion energy 
losses after passing of 2.4 m cooling section) 
versus the electron energy for H+ and H-. 
B = 0.4 T, le=3 mA. 

Cooling of Ion Bunches 

where p _~_ = /2T _~_rru:2 / ( e B) corresponds to the average Larmour radius of the elec­
tron beam. Initial temperature of the electron beam for such calculations was taken 
in the form 

T, = ~2 /(2W) + 2e2 rz 1/3. 

Fig.4.G shows the results of measureents of the cooling force like Fig.4.1 but in 
the beam rest frame system, reported in [35, 36] and in [28] (ESR). A comparison of 
these data shows that t.lw cooling forece, measured in [28] is about 20 times less than 
the value, which could be expected for the case, when the longitudinal magnetic field 
is high. All these data were fit. using the following simple expression 

47rne4 
Lmol V F = - -·-·-- ---- ---------

rn (v;' + v2 )"12 ' 
(4.10) 

The values Ve and L,mz were used as the fitting parameters. The found optimal value 
Lcoot=2 presents a reasonable value for the Coulomb logarithm of the fast. electron 
cooling. 

The ion beam in ENC will have small emit.t.anees and small transverse momenta 
in the cooling region. Typical values of the transverse momenta (D.p/p = 3 x 10-6

) 

correspond to V;. = 106 cm/s, which is very close to the maximum of the cooling force 
(see in Fig.4.5). It means that. an increase in the magnetic field in the cooling section 
can increase the cooling rates. 
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Figure 4.2: The maximum cooling force 
losses versus the electron current (energy 
losses after the cooling length of 2.4m) for 
H+ and H- (B = 0.3 T). The solid line 
refers to the results obtained using the ex­
pression F"''"" = ke 2n;13

, k=1.82 for H­
and k=O. 72 for H+ 

2.0·.-----------.-----.-----. 

H_ 
1.5 

1.0 

0.5 -·-· 
--+---

... 
+"' .. H 

+ 

2 3 4 

Magnetic Field (kG) 

Figure 4.3: The maximum cooling force (in 
units of e2n 113

; dashed lines) and the opti­
mum electron beam currents (solid line) ver­
sus the solenoid magnetic field. 
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4.3 Effect of the Magnetic Field on Cooling 

4.3.1 Drift of the cooling electrons due to ion space charge 

The electric and magnetic fields of the ion bunch, when it pass the cooling region, 
produce the drifting of cooling electrons and, thus, increase the relative velocities 
of these electrons and ions. Since the drift velocity depends on the distance of 
an electron from the center of the ion bunch, the spread of the drift velocities is 
equivalent to an increase in the temperature of electron Larmour circles. In the 
case of the magneti:-ocd electron cooling, dependences of the cooling rates on such 
temperature can be very sharp, if it exceeds the thermal velocity spread in the ion 
bunch. 

The value of tht' drift velocity 

is determined by the force 

c[F x H] 
vd = (~--}iT--

2NZe2 1 ~ exp( ~7'2 /2J2
) 

F =-___ -,- ------- ----r. 
v27w /Yz 1.z 

(4.11) 

(4.12) 

Here, N is the munlwr of ions in a bunch, Ze is their charge, Js is the bunch length, 
J is the rrns bunch radius and H is the magnetic field of the cooling device. In order 
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Figure 4.6: Dependence of the drift veloc­
ity ( Q) due to the space charge of the Ui~"" 
bunch on the distance in electron beam. 
N = 3.6 X 107 , I = 12, E = 2.4 X 10-7 em, 
J s = 10 em, H = 1000 G. 
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to evaluate relevant limitation, we plot the ratio 

Vd Q=----
c.jE/,13~ 

versus the radial distance inside the ion beam (r/o} As is seen from Fig.4.6, in the 
displayed example the spread of the drift velocities exceeds the velocity spread in ion 
bunch by the factor about 1.5. 

For the discussed parameters of the future ENC [8] the compensating effect of 
the space charge of the cooling electron beam is negligible small. As is seen from Eqs 
( 4.11) and ( 4.12) this effect limits the ratio of the linear density in the ion bunch to 
the magnetic field in the cooling device. So that, if the bunch becomes shorter, the 
maintenance of the given cooling time requires rek ·ant increaBe in the magnetic field 
of the cooling device. 

4.3.2 Effect of the magnetic field on the cooling force 

An enhancement of the cooling efficiency with an increase in the magnetic field of 
the cooling device occurs due to two reasons. First, it reduces of the Larmour radii 
of electrons increasing the width of the region, where adiabatic collisions dominate. 
Second, strong magnetic field suppresses the blow-up of the longitudinal temperature 
of electrons due to their intrabeam scattering. The cooling force comprises conven­
tionally three parts: "fast" interactions with very low impact parameters, where the 
influence of the magnetic field is negligible; multiple interactions with impact param­
eters near the radius of the Larmour rotation; and "slow" interactions at distances 
essentially larger than the Larmour radius. The contributions of these components 
and the decrement at a small and a lar·ge densities of the bearn are shown in Figs.4. 7. 
As is seen, the field exceeding 0.5 T provides the cooling times in the millisecond 
region. 

The maximum cooling decrements ar·e very sensitive to the magnetic field at 
the cooling section. In order to estimate the infl. uence of the magnetic field on the 
dar1rping of final amplitude betatron oscillation dar1rping there was made a calculation 
of this dar11ping at angles l'lp/p = 10-4, 10-5 , 10-6 . As is seen from Fig.4.3.2, the 
damping at angles l'lp / p = 10-4 does not improve with the gTowth of the magnetic 
field, but for smaller arnplitudcs the darnping can be essentially improved with an 
increase in the magnetic field. 

4.4 Cooling Rates 

Let us first calculate the cooling rate of, for exarnple, vertical betatron emittance (Ez) 
assuming that the cooling force is determined by the following simplified expression 
(all values ar·e calculated in the bearn rest frame system) 
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(4.13) 

Such an expression for the cooling force simulates the case, when the cooling electrons 
are not magnetized. 

We take that betatron oscillations in cooling section are described using (and 
similar equations for J:-oscillations) 

d.c: 
Pz = p--­

ds 

so that lz = pJ. /2 is relevant action variable, while 

( 4.14) 

( 4.15) 

If the particles arc distributed in the bunch according to a Gaussian function so that 
the bunch distribution function reads ( t:J.p is the deviation of the ion momentum from 
the synchronous value p) 

then 

while 

Now, using 

we write 

.lz J~ [s- ct]2 [t1p/p] 2 

B = --- + -- + --- -+ -- ----
? 2 ') 2 2""' ' .....,fz fa: >-Jas o~ 

t:J.p 
Brr = -, 

p 

dE. = 1 / dro (e.- ,~_J~ :) F f-. 
dt . . • - ?(j z . J!. ~- z 

(4.16) 

( 4.17) 

To select t.hc systematic val"i;ltion of E. this expression must be averaged over the 
closed orbit perimeter. As we mentioned, !Jclow we simplify calculations neglecting 
the variations of ,if-functions along the cooling section (,6' = 0). For more simplicity, 
we also aBSllllll' equal vertical and horizontc1l ,d-functions in the cooling section (f3z = 
{3, = /3) and E'qual vertical and hori~ortt.al bunch cmittances ( Ez = E, = E). 
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Using that in the beam rest frame system ne ~ ne/''1, v _]_ ~ !C(p_j_/p), vn ~ clln, 
we write 

E = __ }!_(3 __ j df- exp(-~)~; __ _ 
z (21f )3E2U s6 (a" + IJ}_ + IJU /f2) 3/2-

Here, a= v0 /(!c) and 
K _ Z 2 41fnee4 L l 

- A 15r-nMrP rr_-

The integration over coordinates (x, z, s) yields (27r) 312f3ws so that 

y f32~ d31JIJ2 ( 131J2 ~ 2 ' ) 

Ez =- (2~)3/:E6 j (a2 + 11;)3/2 exp -' 2E_!_- 2~2(JU -

Using the substitution 

1 2 1oo r 
312 

= 1 dsv s exp( -S11J), 
11! y1f 0 

and calculating Gaussian integrals, we find 

_ Ez _ K {00 
_ duylvexp( -a2 u/2) _ 

Ez - v!z7r lo (1 + w/,13)2[l+tJzu;7z-

( 4.18) 

( 4.19) 

( 4.20) 

Simple expressions for the cooling rates (A = -Ez/Ez) can be obtained in regions, 
where a2 » (E/,13), (6/l') and hence 

Z 2 41fnee4 L l 

A ! 2 mMv8II' 

and in the region, where u2 « (E/{3), (6/l') so that 

J\ =--- -- --------- ----·c-. - -, 
K 100 du.Ju 

J21l' 0 (1 + EU/,13) 2[1+8211/12-

(4.21) 

After simple transformations the integral in the r.h.s. in this formula is expressed in 
terms of elementary functions 

;ucsin vf1 - :::2 z 
-(1- z2) 372- 1- 22' z :s 1, 

( 4.22) 
z ln[z + vl'i2 =-1] 

--- -- - -------- ----

z2 _ 1 (::;2 _ 1)3/2 z:::: 1, 
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!{ Z 2 41fnee1 L l 
Ao = (E//J)"/2 - A ; 5-m-Mc"-(-E/fJ_)'_/2 IT (4.23) 

is the emittance cooling decrement of the monochromatic bunch. It is interesting to 
note that in the asymptotic region ::; » 1 (or, (j » "11/~//3) the cooling decrement in 
Eq.(4.22) decrease proportionally to r/0 only 

A~ Ky - zz __ 41fn,e4.z;_ L (j »I r;J,e » vofc. 
- ( E/,6)6 A { 1rnM c3 ( E/ {J)o II' v en 

( 4.24) 

4.4.1 Magnetized electron cooling 

If the contributions of the ,,diabatic collisions in the cooling force predominate, the 
vertic<1l cooling force is determined by the following expression 

2T<ncZ2e 1 L Vz(vj_ - 2v~) 
F-- - ·······-····--· .-

z - m (vi + v~)5/2 . (4.25) 

Here, we neglect the temperature velocities of the cooling electron Larmour circles 
as compared to ion velocities. Substituting this expression in Eq. ( 4.17) we obtain 
(again/)'= 0) 

(4.26) 

The integTal in this expression is calculated in the spherical coordinates ( e, a, <p) with 
the polar axes directed along ell ' so that 

ez = e sin (Y cos <p, e, = e sin (Y sin <p, ell = e cos (Y. 

The integTations over <p and e yield 

J\ = _ Ez = ... II.~= !lr t d1i (~__::- u
2 )1J. ~ 3u

2
), 

fz 2}27f EO Jo 1 - 1[11-
( 4.27) 

Simplc calculations result in 

(4.28) 

where 

1 2 ., 3 + ::;- . . I ., ::; < 1 u- ::;2)5/z HlTSlll y 1- .::;-- (1- ::;Z)i' Z _ , 

(4.29) 
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Note, that although the cooling force change the sign when v.1 < v'2vu, the 
emittance cooling decrement is positive for all ratios between the betatron angular 
divergency (E/ (3) and the bunch momentum spread (8). The effect of the local insta­
bility results only in a more sharp decrease in the cooling decrement with an increase 
in 8 

\ A0 ln(2z)- 3/2 
1 ~ -;J2ir ---z3 -' z » 1. ( 4.30) 

4.4.2 Magnetized momentum cooling 

The magnetized momentum cooling force is determined by the following expression 
(in the beam rest frame system) 

2 4£ 2 ,., 
3

27rneZ e v .1 vii ru =- -- ··-----~-

m 1.P 
( 4.31) 

Then, for a Gaussian distribution in the ion bunch, the variation of the rrns bunch 
momentum spread ( 8) reads 

or 

d6 2 

dt 

The calcuhtion of the integral in the r.h.s. of Eq. ( 4.32) results in 

2(1 ._, __ ) 13=2~- ~-Eln~1+y7J)". 
1,' _n - ·w 3 2 5/2 1 _ ' du = q q q -

o 1 - q·u2 3 - 2q 1 - q . _ . ,. Fq -- - -· · --- arcsm ··---
3q2 (-q)5/2 1-q' 

Substituting this expression in Eq.(4.32), we find 

r----

-- ~ /,6 -- v ' I E 

where 

q 2: 0, 

q ::::; 0. 

( 4.33) 
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3z arcsin( vr=-z2) -v-= z2)5/2 ...... . 

3z ln( z + ;zx _:_1) 
(:2 -1)5/2 

:: <::: 1 , 
( 4.34) 

z 2: 1. 

The momentum cooling decrement is obtained dividing 82 by (F, which yields 

(4.35) 

where A0 is defin0d in Eq.(4.23). Since ii>(O) = 2, the momentum cooling decrement 
in Eq. ( 4.35) diverg0s for small moment urn spreads ( 5 « "h/2/3). In the region 
5 « r/ETB the momentum cooling decrements substantially exceed the betatron 
ones (see in Fig.4. 9). 
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Figure 4.7: Dependences of the maximum damping decrements of protons on the 
magnetic field of the cooling device. From top to bottom the dashed curves show the 
contributions due to slow, multiple and fast collisions; the solid line presents the sum 
of these items; the cooling section length is 0.01 of the ring perimeter, the density 
of the cooling electron beam is 107 1/cm3 (left picture) and 5 x 108 1/cm3 (right 
picture). 
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Chapter 5 

Intrabeam Scattering 

Among other factors, the luminosity performance in the electron-nucleon collider 
(ENC, [8]) can be limited due to Coulomb collisions in ion bunches. Depending on 
the assumed operational mode these collisions may contribute to a decrease in the 
lifetime of the luminosity, or in a decrease of the luminosity peak value. The first 
possibility may occur in colliders without ion beam cooling, where high value of the 
luminosity is maintained due to huge beam eittances (and currents). the desired 
value of the luminosity. 

In an alternative mode the desired high value of the luminosity is achieved due 
to strong electron cooling of ion bunches. Since electron cooling makes equal the 
temperatures of an ion and electron beam we expect strong intrabeam scattering 
(IBS) effect on emittances of especially heavy and highly charged ion bunch. 

Another source of the bunch emittances blow-ups in a deeply cooled ion bunch, is 
the space charge instability. In general, the space charge instability may affect both 
transverse and longitudinal phase space of bunches. However, it seems that reliable 
predictions concerning an increase in the longitudinal bunch emittance should take 
into account the effects due to both the space charge and the wake-fields of ion 
bunches. That problem will be considered anywhere. Below, we shall neglect the 
effect of the bunch space charge on the longitudinal emittance, assuming that the 
bunch length is maintained to be equal to the ,6-function at the interaction point, 
while the bunch momentum spread is determined by IBS. 

In a storage ring with an alternating gradient focusing IBS results in the bunch 
self-heating · i.e. in the tendency of the collisions to maintain a permanent blow­
up of the bunch emittances [37, 38, 39]. As it was shown in Ref.[lOJ, such a self­
heating mechanism poses a lower border on the required value of the sum of cooling 
decrements to ensure that the ion beam can reach an equilibrium. 

The mentioned self-heating effect occurs due to collisions of ions transferring the 
particle momenta from the transverse to the longitudinal motion and due to betatron 
modulations of the beam partial velocity spreads along the closed orbit. The first 
possibility can be illustrated studying a 90°-collision of a couple of ions, which had 
before collision the opposite-directed and, for example, horizontal momenta (see in 
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Fig.5.1). Let the horizontal betatron oscillations of a particle be described using 

~ 
-rpx 

where 

r 
L 

¥Px 

Figure 5.1: To the bunch self-heating 
due to IBS. In the rest frame system 
of the bunch before collision particles 
had momenta p,, and -Px· After a 
goo collision one particle gains and its 
partner loses (in the laboratory system) 
D.p = ±ryp,,. 

J = tr =~x!)" + ,d (Pp" - ~~J; + ij)J) 2 (5.2) 

is the action variable and ¢ = vJ) + x,, \6' = d,bjds = 1/ (3 is the variable of the 
unperturbed oscillations, D,Js) is the dispersion function of the ring, 

f)' 
iJ) = D, ~.d - D;,, 

s is the path along the closed orbit. The energy of betatron oscillations is expressed 
in terms of the action variable 

E - fYJJoL(, l 
"- 2Ro · · 

The beam self-heating occurs, when collisions result in simultaneous increases in the 
beam momentum spread and in the energies of betatron oscillations of the colliding 
particles. For a single goo collision we have 

and 

! (1.2)- ' (J • ± ""' (1:±D.6)
2 (iJ' )2 

• f - -- IT -- +f.' 2,~! 1; '±'U 

so that 
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(5.3) 

The average value of t.£(1
•2) along the closed orbit will be positive provided that 

where 

2 {IT ds {II ds 
1 lo IT H(s) > lo IT,B(s), 

~' = [)~(s) 6( )1>2 
n. f3(s) +' s . 

(5.4) 

(5.5) 

In the smoothed focusing approximation ([3 c::o: R0 I v,, 1> c::o: 0 and D, c::o: Ro I v,) 
the last expression is reduced to 1 2 > v; c::o: 1, .. It also shows that a requirement to 
increase the threshold nalue of 1 deands a decrease in the average value of H. 

5.1 Bunch Entropy Growth Rate 

In a ring with an alternating gradient focusing the Coulomb collisions of ions result in 
a systematic growth of the total phase space volume of the bunch (sec, for example, 
in Refs [38, 39, 10]). The blow-up of the bunch phase space volume occurs due 
to collisions transferring the particle momenta. from the transverse to longitudinal 
motion and due to the dependence of the position of the closed orbit on the particle 
energy. 

For the bunch with a Gaussian distribution function the corresponding growth 
rate, which is equal to the sum of the partial increments 

(5.6) 

can be estimated using the following expression (see, for example, in Appendix C.l) 

(5.7) 

Here, N, is the number of pmticles in the ion bunch, Tp = e2 1Mc2
, E;x and E;z m·e 

the horiwntal and vertical bunch emitta.nces, o = L'>plp is the nns bunch momentum 
spread, Ze is the ion charge and A is its atomic number, LIRs = ln(Pmaxl Pmin) is the 
Coulomb logm·ithm for fast collisions and 

{II ds 
< G >= Jo IIG(s), (5.8) 

is the form factor, describing the effect of the lattice focusing on IBS. Prior to dis­
cussing the properties of < G > we note that for collisions in a focusing lattice 
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among the candidates for Pm= we have also to consider Pmax = Ll.vu/wb, where wb is 
the frequency of betatron oscillations of particles and Ll.v11 is the longitudinal relative 
velocity of colliding particles. Equation (5. 7) holds for the so-called fast collisions, 
when 

(Ze) 2 Ll.v11 
Pm;u = -A-·M· ,;---z « p « ~- . 

u'U Wb 

In the case of the strong focusing lattice, the integrand in Eq.(5.8) 

G(s) = l j[~=-~(az[:~~:2ITt!di:lz- IJ+)a.~]- 3 (5.9) 

depends on the betatron functions of the ring via the angular bunch divergencies 
ax.z = !3x,z/Ex,z and via the eigenvalues (q±) of the matrix 

(D., ) 1 ; 2 1 
(!_, = ... ·. (j2 + i[> + 52 , 

E.1, , a: 

(5.10) 

which read 

(5.11) 

The function G(s) is a non-negative function of az(s), IJ±(s) with the following prop­
erties 

and 

G(az = IJ+ = IJ-) = 0. 

In a storage ring with an alternating gradient focusing the last condition never holds. 
Without beam cooling intrabeam scattering 21lways results in a permanent increase 
in the tot,tl phase space volume, or in the entropy of a bunch. In general case, 
the function G(s) is expressed in tcnns of the elliptic integrals (see, for example, in 
Appendix C.2). 

In order to evaluate the dfect of tht• modulation of the betatron functions on 
the behaviour of the IBS form factor the value < G > was plotted as a function 
of the bunch momentum spread. Remaining parameters of the ring and of the ion 
bunch were taken from Rcf.[8]. We compared two possibilities: the FODO-lattice 
(neglecting the effect of the electron-ion bunch interaction region), and, as an alter­
native case, the lattice which enables aP < 0. The last possibility although does not 
eliminate the self-heating of the ion bunch, will probably a useful option against the 
beam-beam instability as well as against collective instabilities due to interactions of 
ions with their surrounding electrodes. The betatron functions for these lattices are 
shown in Figs 5.2 and 5.3. Although tlw maximum values of the modulation factors 
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Figure 5.2: Dependences of the betatron functions (left) and of the modulation factor 
(<I>, right) on the distance along the closed orbit ( s) for the FODO-lattice in a ring, 
described in the Ref.[ 8]. 
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Figure 5.3: Dependences of the betatron functions (left) and of the modulation factor 
(<I>, right) on the distance along the closed orbit ( s) for a lattice consisting of the 
cells with the negative momentum compaction factor. 
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(i!>) for these lattices differ more than one order in magnitude (see in Figs 5.2 (right) 
and 5.3) (right), the difference in the corresponding values of< G >is not very high 
(see in Fig.5.4). Moreover, within accuracy of about 10 %the value of< G > calcu­
lated for the FODO-lattice coincides with that, calculated in the smoothed focusing 
approximation: 

2+a ( ;;;-=_ 1) 
G(a) = Ja=:._ 

1 
arcsin V (j - 3, 

2 rr E ( ., ) 
a = -y (Ji + (.352 > 1. 

Note also that for chosen parmuetcrs Fig.5.4 indicates larger deviations between the 
upper and lower curves for larger bunch momentum spreads and for larger bunch 
emittance. 

We remind the reader that all these calculations hold provided that the collisions 
of the most particles m·c fast and that the IDS can be described within the frmnework 
of the logarithmic approximation. A bemn cooling till very small bunch emittances 
and momentum spreads may break such assumptions and eliminate relevant limita­
tions on the bunch phase space density due to IBS. 

5.2 Equilibrium Emittances 

Provided that the sum of the cooling decrements exceeds A, the bunch will reach an 
equilibrium. The equilibrium emittanccs arc found using the following equations 

E, = -A,(E,- E.,o) + (ic,,)JBS = 0, 
fz = -Az(Ez- <'zo) + (icz)IRs = 0, 
tz = -AuW- 5G) + (62 )ws = 0. 

(5.12) 

Here, ,\,.z,s m·e the cooling decrements and Eao m·e the equilibrium ernittances, cal­
culated neglecting IDS (a = :r:, :, s). The values (ica)ms describe the blow-up of 
the bunch due to IDS. In general case, these values me determined by the following 
expressions (~ec Appendix C.l for detail) 

(dEz) 
dt /HS 

(5.13) 

(dii") 
dt lHS 

(5.14) 

(dE"') 
dt l FJS 

(5.15) 

where the form factms Gz, Gs and G"s ,u·c determined in Eqs (C.16), (C.19) and 
( C.21). Sim·e 
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Figure 5.4: Dependence of the IBS form factor on the momentum spread of the ion 
bunch (left) and on the emittance of the ion bunch (Ex = Ez = E). Both curves are 
calculated for the lattices shown in Figs 5.2 and 5.3 and for the bunch of the bare 
uranium ions moving in a ring with BR, = 100 Tm (/; ""' 12); for the left graph the 
horizontal and vertical emittances are taken to be E, = Ez ""' 4 nm; for the right -
6.pjp = 0.0001. 
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1_ (0E,) + 1 (dEz:) + _1 (dJ~) =< G > 
£,. rft TllS Ez rft IIJS 62 dt fl3S ' 

where the function< G > is determined in Eqs 5. 7- 5.9, we find that the equilibrium 
conditions in Eqs (5.12) can be rewritten in the following form 

(5.16) 

To simplify the study of equilibrium emittances on the bunch current below we 
consider a specic1l case, when betat.ron oscillations are described in the smoothed 
focusing approximation: 

In this case, the form factors in Eqs (5.13) -- (5.15) are reduced to 

and 

Gs + G_ G.=-- -- --"' 2 l 

Here, 

Gs-G­
G = -- - -

.l. 2 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

the function< G >is defined in Eqs (5.8) and (5.9), i!± = (a,±az)/2, a,,z = ,f3x,z/E,,z. 
It is easy to find that G_(a+, a_= 0, as)= 0. The integrals in Eqs (5.18) - (5.20) 

can be expressed in terms of the elliptic integrals of the 1st and 2nd kind (sec, for 
example, in Appendix C.3). 

With these assumptions the stationary solutions of Eqs (5.12) (E" = 0) obey the 
following equations 

1\r.us.~, [("~~. _ ~) Gs + G
2
_], 

f:l'f:Js /(: """' 

Kwsi)z [G, + G_] 
E,.fzf, 2 

(5.21) 

A.~J ns_r,/G_~· 
(l:fz.f..; 

Since tht• roots of these satisfy the known relationship 
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;-2 _ 62 = _ 7~72 (·~"-[Ex - Eox] + Az LEz- Eoz]) 
u 0 2 2 \ Q \ (3 , f - fc As Yx As z 

(5.22) 

only two equations from Eqs(5.21) must be solved. This equation shows that the 
ratios between the equilibrium momentum spread and angular divergencies in the 
equilibrium bunch ( ~~=.z/,6,,z) do not depend on the cooling beam current, but only 
on the ring focusing and on the particle energy. 

Above transition energy of the ring the equilibrium between the intrabeam scat­
tering and the beam cooling results in the flattening of the bunch in the horizontal 
direction (E, > Ez)· For initially round bunch Ex = Ez = E and f3x, ~ f3z = ,6 we have 
G_ = 0, while 

E T ( ., ) 
G, = {31>ws ~;;; - q , 

ii>ws(w) = d·u--- ·--. = -- -.-_ . arctan rw- :3 . 11 1 - 3tt2 1 (w + 3 ) 
o 1 + w·u2 w jw 

(5.23) 

If7 > 7c, then 

Hence, Gs ;::: 0. The equilibria equations in this case read (,\x = ,\z = ,\) 

(5.24) 

So that E,, > Exo, 6 > 6o and Ez < Ezo 

5.3 Space Charge Effect 

As was already mentioned in the case of ENC, the parameter sets occur in the 
regions, where at least the betatron bunch cmittances are strongly affected by the 
beam-beam, or the ion bunch space charge instability. Typically, these instalJilities 
result in much stronger bunch emittance blow-up than intrabeam scattering, which 
means that betatron equilibria equations in Eq.(5.12) are strongly violated. Although 
the blow-up of the bunch phase space due to these instabilities is a complicated 
phenomenon, from numerous observations and computer simulations we expect that 
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where 

E =Eo+ t-.Esp, f.,.E >>Eo, 

Z N,1·1' 

A. 4.11,~,' 

Intrabeam Scattering 

(5.25) 

(5.26) 

For a given Js and in the optimum luminosity conditions the bunches and ring 
parameters are set to hold conditions ~c = ~' = t-.vL. It means that for all energies 
we can take 

(5.27) 

If the longitudinal phase space of ion bunches is not in the space ch,u:ge dominated 
region, the intrabemn scattering may define the equililxium bunch momentum spread 
due to its balance with longitudinal heating. In the smoothed focusing approximation 
(f3,c.z(s) --t /Joc.z; D,(s) --t 15), assuming that the bunch length (crs) in maintained to 
be a constant, while list» li0 and using Eq.(4.35), we write 

or 

diF 
dt 

(5.28) 

(5.29) 

<I>rps(~)= ~ 1 ) ,-{· ~2 =~g):2 +~mcsinf. +_(g~~)zz ~3z}, (5.30) 
1 + (g ~ 1 ::; 2 V 1 + (g ~ 1)z2 1 + gz-

while 

Q = ( ~) J! 411;!l'~~A-
Since z<I>(z) ""'2z, wlwn z « 1, and <I>ws(O) = 11/2, while z<I>(z) ~ 1/z, when .z » 1, 

and 
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Figure 5.5: Dependence of the IBS mo­
mentum heating rate (solid line) and the 
momentum cooling rate (dashed line) on 
the relative momentum spread in the bunch 
[(5h)/iJ/E]. Electron-U~~8 ENC mode, 
,js = 20 GeVju, N, "" 5.3 x 107

, nc = 
1.6 x 108 l/cm3

. 
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Eq.(5.29) may have a stable fixed point (6 = 6,, see in Fig.5.5), if 

(5.31) 

A compar·ison of (ne)th and the ion bunch density (in the cooling section), which 
is required to reach the necessar-y luminosity in ENC, shows that in the optimum 
luminosity conditions (!:J.vL = ~;, two interaction points) the momentum heating due 
to intrabeam scattering of ions docs not eliminate a possibility for bunches to reach 
an equilibrium (sec in Fig.5.6). The calculation of the stationar-y momentum spreads 
(.z.,,) for the bare uranium ion bunches in ENC (?3 "" 12 m, I5 "" 1.6 rn, (3 "" 200 
m, CY8 = 10 em ) shows (see in Fig.5. 7) that its value is about constant ::..,, "" 0.2 

[6,,"" 0.2:/E/{3; sec also in Fig.5.5] in the energy range vs = 10 ~ 30 GeV ju. 
In the storage ring with an alternating g;:radient focusing IDS increases the total 

phase space volumes of bunches. The blow-up of the phase space volume occurs 
both due to modulations of betatron functions and due to the coupling of horizontal 
(radial) and longitudinal oscilhltions, which is specific for motions along the closed 
orbits. At high pncrgies of pmticlcs the diffusion with the energy transfer from 
betatron to the longitudinal oscillations predominates. For that reason, at higher 
particle energies the bunch self-heating mainly occurs due to the radial-longitudinal 
coupling. According to results, shown in Figs 5.4, the effect of the modulation of 
betatron functions on the growth mte of the total phase space volume of the bunch 
(A) is as weaker as smaller is the momentum spread of the burrelL 

Without beam cooling the blow-up of the beam emitt,mces may contribute to the 
lifetime of the lmninosity of ENC, if initial values of emittances me small enough. 
We also remind the reader, that. the rates of the blow-ups due to IBS decrease, when 
the bunch emittanccs increase. For that reason, the luminosity decays due to IBS 
slower than by an exponential law. 

In the strongly cooled ion beam, IBS will affect the values of equilibrium emit­
tances only in the case, when it overcomes the bunch blow-up due to the space 
ch<U·ge instability. In p<Uticuhu, if the last mainly affects the blow-up of betatron 
emittances, the balance between IDS and the be<Un cooling results in a very weak 
dependence of equilibrium momentum spread on the bunch current. 

An effect of the space charge instability on the longitudinal bunch emittance 
should take into account contributions due to the bunch wake-fields. The calculation 
of the equilibrium beam muittances in such a case demands additional study. 

5.4 Touschek Lifetimes 

IDS collisions with the longitudinal mmncntum transfer exceeding the separ·atrix 
width 
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(5.32) 

determine the beam lifetime. This the so-called Touschek lifetime can be estimated 
using [40] 

f'lpc 
x=····-·-, 

JY'f;[JiJ 
(5.33) 

where h is the RF h<U"lnonic number (in our case, it is equal to the number of 
bunches), a is the momentum compaction factor, Vis the accelerating voltage, Tp = 
e2 /M c2 ""' 1.5 x w-Jo em and 

_ 3 _, X;·= du ,-u . 3x + 2- xlnx !oo du. ,-u <P(x) - - c + - · c In u + - -- -- -- · --e . 
2 2,u 2 ,u 

(5.34) 

The dependence of the lifetime on the <lccelerating voltage and the beam emittance 
( <P(x)) is shown in Fig.5.8. Figure 5.9 shows that even for the bare uranium ion 
bunches the Tousc:hck lifetinw does not limit the ENC performance. This value 
decrease with an increase in / s. It. occms due to the fact that in the optimum 
luminosity condition the bunch density increase faster than '"'/f. 
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Chapter 6 

Conventional Collective Effects 

The high luminosity performance is possible only in the case, when both the bunch 
cmrent (ex: N) and the total beam current (ex: n&N) are not strongly limited. Apart 
from other reasons, these values can be limited by conventional collective instabilities 
due to interaction of bunches with surrounding electrodes. 

In this Chapter we estimate strengths of various collective instabilities and possi­
ble ways to avoid corresponding limitations. Specific features of the coherent insta­
bilities in a bunched beam are determined by the ratio of the increment (decrement) 
of coherent oscillations to the frequency of synchrotron oscillations. If coherent rise­
times (1/Tcoh) are longer than the frequency of synchrotron oscillations (TcohWs » 1), 
the synchrotron modes of the bunch are uncoupled. In this case, the suppression 
of the inst<rbility demands a damping of paxticular betatron, or synchro-betatron 
modes. Otherwise, occur the so called mode-coupling instabilities. 

6.1 Single-Bunch Effects 

These issues usually provide the b<1sis for estimating the longitudinal and transverse 
wideband impedance budgets of the ring. The instabilities due to single-bunch col­
lective effects arc more important for rings, where the nmnber of bunches is not very 
high and, therefore, the current in a single bunch can be relatively high. Important 
are cases, when the single-bunch interactions with special devices result in a damping 
of coherent modes of a bunch. Such a damping due to interaction with the either 
passive, or active devices seems lw usdul in all cases. 

6.1.1 Head-tail instability 

A slow head-tail instability occurs due to excitation of coherent oscillations in the 
tail particles of the bunch by coherent oscillations of its head-on part. Synchrotron 
oscillations of particles change their position in the bunch, which provides instability 
of coherent oscillations of the whole bunch. The instability occurs due to wake fields, 
which <U"e proportional to the avnagc displacement of the bunch. For that reason, 
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the oscillations become unstable, if there is a phase advance of betatron oscillations 
of particles along the bunch. In storage rings, such a phase advance is provided by 
the ring chromaticity (wx,z = Wx,z(6.p)), which results in 

0 dwx,z 
1/Jx,z = 1/Jx,z + dwo<pcos'lj!" 

where 'lj;~ z is the phase of betatron oscillations of the synchronous particle, as = Ro<p 
is the amplitude of synchrotron oscillations of a particle, 1/Js is the phase of that 
oscillation, 

1 1 
a = ------. 

p ~y2 ~y2 
tr 

Above transition energy of the ring aP < 0. Then, for the natural chromaticity of 
the ring (dv1_jdlnp < 0) the value dv1_jdlnw0 is positive. 

For the case of EN C, the strength of the head-tail instability was estimated using 
the following simplified expressions for increments of the unstable modes (vertical 
betatron oscillations) 

qNwo h---- 2Tt ' 
( = (J,__dvz __ 
· Rodlnwo 

(6.1) 

Here, q is the charge of a particle, <p0 = CJs/ R0 , mz = ±1 and Zj_(w) is the transverse 
coupling impedance of the vacuum chamber. Since ImZ j_ is an odd function of its 
argument and since 

00 

I: J;,(:t) = 1, 

the total sum of decrements in Eq.(6.1) is equal to zero. It means that at least 
one (betatron [ms = OJ, or synchro-betatron [ms f OJ) mode is unstable. In our 
estimations we used an assumption that the vacuum chamber can be described as a 
so-called Q = 1 cavity 

W zCo) 
Z1_(w) c:o: ~' - -:-(w:- -w-), 

l + Z ~ - ;;;s 
(6.2) 

where w., = c/Zj_ is the cutoff frequency of the vacuum chamber, h is its radius and 
Zo is the equivalent cavity shunt impedance. Substituting Eq.(6.2) in Eq.(6.1), we 
obtain (m = ms) 

bnr = bo roo -(·
1
·- dZx):l~ -

2 
[J~,(b:t- ()- .J,;,(bx + 0] , 

Jo - x - + :x; • 
b - CJs 

- l , •j_ 
(6.3) 
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(6.4) 

Assuming that the ring chromaticity is determined by the lattice natural chromatic-
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-0.2 '------'------'-------'------' 
0 2 4 6 

s 
Figure 6.1: Dependence of the form-factor 
in the increment of the hec<d-tail instability 
on the betatron phase advance on the bunch 
length (( = (u,dvjdlnw0 )/R0 ). Solid line 
- betatatron mode; dashed line the first 
synchro-betatron mode. 

ity 
C.v_t 

p-- --- -::::::::: V..L, 
t.p 

we find that in the case of ENC, the value of the phase advance of betatron oscillations 
on the bunch length (.;) is about 2.5 (ions). For that reason, the integral in Eq.(6.3) 
was calculated numerically. The results arc shown in Fig.6.1 and in the Tables 6.1 
and 6.2. An inspection of the tables shows that the increments of the betatron 
modes exceed the bemn cooling decrements. Hence, some dmnping mechanism mnst 
be foreseen in order to dcnnp the instability for all energies of the particles. In 
particular, eareful compensation of the ring chromaticity decreases the increments, 
which can eliminate the instability for higher energies. 

The instability is the most severe for low-ener1,'Y rings. As is seen from the Tables 
6.1 and 6.2, in these cases, the increments of the instability can approach, or become 
even higher than, the frequency of synchrotron oscillations. The data in the Table 
6.2 shows that for bunches of U~~8 increments of the head-tail instability are smaller 
than the cooling decrements. For that reason we may expect that the heavy ion 
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Table 6.1: Head-tail increments for betatron collective mode in electron-proton col­
lider. Parameters in this Table are taken close to that in the Table 2.2; (l:l.vL)th = ~,; 
RF-voltage in the proton ring 10 kV and~'= 0.05, l1. = 5cm. (Z/n)av = 1 Ohm . 

.j_s ( Ge V) =--==--~···· 30 _ 
Proton Energy Gcv 30.94 
Ni X 10-10 1.541 
Ion Bunch Current rnA 0. 7395 
Ai 1/s [11.12 
(w,), 1/s 

1

. 377.7 
6, 1/s 53.57 
-~·---~-~.·-- ~--

Electron energy Gev 
1 

7.5 
Ne X 10-10 , 5.652 
Electron bunch current rnA 2. 713 
Ae 1/s 100 
(w,)e 1/s I 24130 

6el/s ··-·-··-·· -· _1_810.8 

20 10 J 
25.94 15.94 1 

1.838 2.992 
0.8818 1.434 
8.376 4.213 
412.4 525.6 I 
76.2 201.~ 

4 1.6 I 
9.591 41.34 1 

4.604 19.84 1 

15.17 0.9709 .

1 
94001 2378 
2580 . 2780()_j 

Table 6.2: Head-tail increments for betatron collective mode in elcctron-Ui~s collider. 
Parameters in this Table are taken close to that in the Table 2.2; (l:l.vL)th = ~,; RF­
voltagc in the proton ring 10 kV and~'= 0.05, l1. = 5cm. (Z/n)av = 1 Ohm. 

IJs (GeV /u)= ··-·····- -~a·· 30 
Ion Energy Gev ·--· . 30.94 ... 

N, x w-r 2.503 
Ion Bunch Current mA 0.1105 
,\, 1/s 16770 

20.94 
3.699 
0.1632 
11040 

15.94 
4.859 

0.2142 
3862 

(w,), 1/s 234.8 285.3 326.8 ; 
6, 1/s . 3.094 6.752 11.64 ~ 
Electrori energy -dcv · ·--r- 7.5 ··· 5 1.6 
Ne X w-10 I 0.8446 2. 725 6.177 

1 Electron bunch current mA 0.4 1.3 2.9 J 
Ae 1/s 100 29.6 0.97 

t'l/s 118 ·~ _ __ __ ~~~~U ~~~~g ~~~: 
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beams will suffer less due to this instability. Note also, that for a given (Z/n)av and 
a ring perimeter the increments in Eq.(6.4) increase with a decrease in the vacuum 
pipe radius (l1.) proportionally to 1/li-

6.1.2 Mode-coupling instability 

Since both coherent frequency shifts <tnd increments of coherent oscillations increase 
with an increase in the beam current, it may occur that a coherent interaction will 
couple the synchrotron modes of the bunch, and the multipole number ms will no 
longer classify its coherent modes. Typically, the coupling of synchrotron modes of 
the bunch breaks the stability of the coherent oscillations. Although careful cal-

0.8 

0.6 

0.4 

0.2 

0.0 -f-....,---,-..----,---,----,-,--,--~-, 

0.0 0.2 0.8 1.0 

Figure 6.2: Dependences of coherent. fre­
quency shifts of the betatron and of the first 
synchro-bctatron mode on the bunch cur­
rent. The bunch becomes unstable, when 
these modes merge. 

culations of the collective spectra in cases of practical interest requires the use of 
numerical methods, the lowest instability thresholds can be evaluated using a simple 
model, where the bunch wake is produced by a pure resistive impedance 

ic Z 
zl. = z·'. -, 

·l w 
(6.5) 

while all the particles in tht' bunch have the same amplitude of synchrotron oscilla­
tions. Such a dcpendt'nct' of the coupling impedance on the frequency corresponds 
to a step-wise c!cpendPneC' of the wake-fields on the distance inside the buneh. Using 
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such a model it is easy to show (see, for example, in [41]) that oscillations become 
unstable, when the betatron and the first synchrobetatron modes of the bunch merge 
(see in Fig.6.2). If we define the coherent frequency shift, calculated for the bunch 
with the zero length: 

That occurs when 

qh leo 11m=-·- dnZ1.(n), 
2pVJ. -oo 

(6.7) 

Substituting here Z1. from Eq.(6.5), we find the threshold value for the coupling 
impedance 

A E ZZ 
Z<v---....Jc_ 

- s Z eh f3a,Ro 
(6.8) 

Here, 27iR0 is the perimeter of the orbit, for electrons Z =A= 1, for ions E is the 
energy per nucleon, f3av eo: R0 /vJ. is the typical value of /)-function in a ring. This 
equation holds, if the bunch length (us) is shorter than a typical "wake" length. If 
the bandwidth in frequencies is W, then lwake eo: c/(27iW), so that Eq.(6.8) holds, if 

c c - « w « . (6.9) 
Doo O"s 

In the region, where W » c/(us), the right hand side in Eq.(6.8) gets additional 
factor eo: (27W 8 Wjc) so that instead of Eq.(6.8) we write 

A E Zi z ~ v~----·- ?CJsnc, 
Z eh (fa,Ro 

(6.10) 

Here, n,. = 2KWjw0 . Several examples of the threshold wideband impedances with 
bandwidths (W) in the range 

c c ··- « w «­
Doo us 

are given in Table 6.3. In this Table we also give the value of the impedance, averaged 
over the harmonic band n, = R0 /l1. 

(Z/n)av = Z/n,. 

In spite of significant difference in the tunes of synchrotron oscillations for ions and 
electrons, the threshold values of impedances for electron and proton ring do not 
differ too much for all sets of par-<uneters. For the region ,js = 30 Ge V, the proton 
ring is 4 times harder electromagnetically than the electron ring; for y's = 20 Gc V, 
both rings present about same problems. In low energy region ( ,js = 10 GeV) the 
stability of bunches in electron ring requires about 30 times less threshold impedance 
than that for proton ring. The reason is that in such cases, the currents of electron 
bunches must be higher in order to achieve high luminosity. 
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Figure 6.3: Stability diag;:nuu for the mode 
coupling instability due to cubic nonlinear­
ity of betatron oscillations (full dot~; Ll.wz = 
ii]z, Jz ex: a; is the action variable for verti­
cal oscillations). Dashed lines show stabil­
ity diagram for a "monochronmtie beam" 
(Swz = 0). Oscillations a,re unstable in the 
regions 1 ''nd 3. For bunches with round 
cross section, when Swz = lizJz- li_,J, with 
li,, "" lin the stability diagTaJll will have 
more symmetrical form. 
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Table 6.3: Threshold values of the wideband impedances for the electron-proton 
mode of ENC; (!'lvr,)th = ~i; RF-voltage in the proton ring 10 kV and ~' = 0.05, 
h = 5cm. 

i!t~:e~~ergy -(Gev)+ 3~~9 =r 2~09 1~~9] 
N, [X 10-10] I 1.54 I 1.84 3 I 
Ii (A) 0.15 0.176 0.287 
v$ x 104 2 2.18 2.79 
Z Ohm 3294 I 2529 . 1219 I 

r
(Z/n)av _______ T __ 1 __ 10.79_)Jl:38 ·1 
Electron Energy (GeV) 7.5 4 j 1.6 

] Ne [X 10-!0] 5.6 9.6 41.3 
Ie (A) 0.54 0.92 4 I 
RF Voltage (MeV) · 9.88 I 0.8 0.02 I 
V8 0.013 0.005 0.001 

1

. 

Z Ohm 1.4 x 10111702 40 
l(Z/n)av __ ··- ______ __'!.!__ 0.54 0.0~~ 

The synchro-betatron mode-coupling instability can be damped due to frequency 
spread of betatron oscillations, if it exceeds W 8 • 

1 Such a spread can be produced by 
the nonlinearity of the beam-beam force, or by a special family of octupole magnets. 
The stability diagram for the last case is shown in Fig.6.3. 

6.1.3 Longitudinal single-bunch effects 

In most projects of the future (electron-positron) factories the limitations due to 
longitudinal single-bunch effects are addressed to the growth of the bunch length with 
its intensity. It implies that stability conditions for longitudinal coherent oscillations 
hold due to Landau damping, or due to effect of a wide-band damping system. The 
theory of the bunch lengthening is yet far from its completion (see, for example, in 
[43]), and particular designs are typically based on the half-empirical rules. Generally, 
the interaction of a bunch with the wideband environment results in two kinds of 
effects: in a distortion of the RF potential well, and in an instability of synchrotron 
coherent oscillations. It seems that the experimental results indicate that a flattening 
of the RF-well and associated bunch lengthening is observed at a lower beam current. 
This gives at least some basis to consider these two mechanisms of bunch lengthening 
separately. 

A character of the potential well distortion due to bunch wakes is determined 

l.The instabilit.y of the coupled synchro-bet.at.rou modes cannot. be damped by t.he frequency 
spread of synehrot,ron oscillations [42]. 
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Figure 6.4: An example of the deformation 
of the shape of the bunch linear density with 
the bunch intensity and of the RF voltage 
of the ring due to a pure resistive wake; 
N/N0 = 9. 

Conventional Collective Effects 

by the ratio of the real and imaginary p&ts of the longitudinal coupling impedance. 
If the real part dominates, the resulting linear density of the bunch becomes very 
a.~ymmet.ric, while the synchrotron frequency dependence on the &nplitude of the 
synchrotron oscillations indicates a dip (sec, for ex&nplc, in Ref.[44] and [45] and in 
Fig.6.5), which may result. in additional inst;lbility of both coherent and incoherent 
oscillations. In this case, the strength of the bunch lengthening is given by the 
par&neter 

In the asymptotic region N/N0 » 1 the bunch length varies according to (see also 
in Fig.6.6) 

(6.11) 

For the case of ENC, when colliding bunches &·c long (u_, » l.L) the inductive 
part of the impedance may predominate. In such a case, the selfconsist.ent linear 
density of the bunch is an even function of the distance inside the bunch, while the 
wake-fields result in additional defocusing of the synchrotron oscillations of particles 
(see, for example, in Fig.6. 7). In this case, the bunch length asymptotically varies 
according to (sec also in Fig.6.8) 

~ ( ) (N/N )'f:J (Js - (J"s 0 A 1 \ U 1 N »No, 
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Figure 6.5: Dependence of the synchrotron 
tune on the amplitude of the synchrotron 
oscillations. Ftom top to bottom N / N0 = 
1, 4, 9. 
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Figure 6.6: Dependence of the bunch length 
on N for a pure resistive wake. 
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Figure 6. 7: Dependences of synchrotron 
tunes on the amplitude of synchrotron os­
cillations. Pure inductive wake, from top to 
bottom N /No = 1, 4, 16. 
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Figure 6.8: Dependence of the bunch length 
on its current for >1 pure inductive wake. 
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where 
N 

No 
h(Z/n)0 II R~ 
o-shV sin¢s li 

109 

(6.12) 

The depression of the synchrotron tunes due to interaction with an inductive element 
of the vacuum chamber can be described by the following formula 

1/2 
V2 = sO 

s 1+N/N0 ' 

where Vs and Vso are relevant tunes of small synchrotron oscillations. Such a de­
pendences of synchrotron tunes on the beam intensity decreases the thresholds of 
instabilities due to the coupling of the synchrotron modes. Note also, that in the 
case, when the synchrotron tunes are comparable to the beam-beam parameters, the 
distortions of the accelerating RF by the beam wakes may also affect the geometry 
of the beam-beam synchrotron and synchro-betatron resonances in the space of the 
amplitudes of the oscillations. 

IE14 

Z/n = 0.01 Ohm 

~ 
IE+3 

+ ..... 
~ IE+2 

s + 
(.) A + 

..<:: IE i-1 + (.) + § • 
co I • Z/n= 1 Ohm 

IE+! IE+2 IEI3 IE+4 
Rf'- Voltage kV 

Figure 6.9: The 20 % safe margins against 
the bunch lengthening for the bunch current 
and RF-voltage in the case, when the bunch 
interacts with an inductive element of the 
chamber. Solid line corresponds to Z / n = 

1 Ohm, dashed - Z/n = 0.01 Ohm; full 
dots show the required currents of proton 
bunches; full crosses - the required currents 
of electron bunches (see, for example, in the 
Table 6.3). 

Safe margins for the bunch lengthening can be estimated using the formula for 
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CJ I CJ0 obtained using the perturbation theory. It reads 2 

CJ~ = 1 + 12~ h(Zinlo_ R3 
2 V "hTT . ~' 3' CJs >> /j_. 

CJ sO , v Slrl <y~ CJ 8 

(6.13) 

Here, his the harmonic number of the RF system, V cos ¢s is the accelerating voltage 
and (Zin)o is the value of the impedance below the cutoff frequency. If, for example, 
we demand that the bunch lengthening should not exceed 20 %, then the bunch 
current should be below 

h «: 0.2{~.;~~~~ \D, ( ~:) 
3 

For low Rf-voltages that. may request very low longitudinal coupling impedances (see 
in Fig.6.9). 

6.2 Multi-Bunch Effects 

If the bunch wakes last longer than the bunch-to-bunch distance the interaction of 
bunches couples their coherent oscillations, which can cause a multi-bunch instability 
of the bear11. It is dear· in advance that. the worst stability has a beam containing nb 

identical bundws. In this case, the symmt't.ry of the stationary state relative to the 
rotation on the angle 2r. I nb results in the propagation along the bearn of uncoupled 
multi-bunch modes with wave-vectors of 

2r.a 
ka = ----------' (L = 0, 1, ... 'nb- 1. 

'fib 
(6.14) 

This increase in tlw degrees of freedom of a multi-bunch bearn makes its dynami­
cal features more similar· to the case of a coasting beam and, therefore, even more 
unstable when nb increases. The main difficulty in this case is caused by the multi­
plication by the lnmch-to bunch interaction of the multi-turn stability diagTam of a 
single bunch. Let o(11) be the multi-turn part. of the decrement of a dipole mode of a 
single bunch. Due to the multi-turn interaction it is a periodic function of the tune 
II 

0(11 + 1) = 0(11). (6.15) 

Somewhere between 11 = 0 and 11 = 1 the function 0 (11) usually changes sign, which 
defines the width of the stopband of the instability. As an exarnple, we can take 
that this l121ppens when 11 crosses the point. 11 = 112, as in the case of a resistive wall 
instability, or an instability due to interaction of the bearn with a low-Q cavity. If, 
now, the bearn contains nb identical bunches, and interacts with the same system, 
the decrement of the a.-t.h mnlti-lmnch mode is defined by the same function, which, 
however, depends on 11 and a through the following combination: 

-- --------- -----

-Imw(11) = nbo (ll+a). 
'll.b 

2'Ih simplify equa.tiom:> ill t.hb ~cct.ion we \Vritc Zn instead. of zll (n) 

(6.16) 
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If, for instance, the stability condition for a single bunch is 

0 :::: lJ :::: 1/2, 

for nb bunches we must simultaneously satisfy nb stability conditions of the form 

0 :::; z; + a :::; nb/2, a = 0, 1, ... , nb - 1. (6.17) 

It means that, if some mode with a mode-number of a < nb/2 is stable, its reflecting 
partner nb/2 - a would be unstable. Although the fact of instability seems to be 
independent of v, the sum of the decrements of all multi-bunch modes 

docs not depend on the bunch-to-bunch coupling. Moreover, it is exactly equal to 
the sum of the multi-turn parts of the decrements, calculated for particular bunches 
while neglecting their coupling. In this sense the correct choice of z; can simplify the 
stabilization of unstable modes. 

The multi-bunch instabilities can usually be suppressed by a relevant decrease of 
the Q-values; by the varying the parameters of the bunches (typically the tunes) along 
the beam 3 ; and by using suitable feedback systems. The 1-st and the 3-d possibilities 
have been more carefully inspected to overcome the multi-bunch instability in, for 
example, future B-factorics (see, for instance, in [2], or [1]). 

In some sense, multi-bunch instabilities due to the interaction of the beam with 
some parasitic cavities or modes can be considered to be less dangerous. Once the 
parasitic element is specified, definite efforts can be spent to decrease its impedance 
and to cure the instability. It becomes less easy, however, for the case when the 
beam interacts with the fundamental mode of the accelerating RF -system. Recently 
[1], the instability of this kind has been reported as a serious limitation on the 
performance of B-factories with long rings. For short bunches (a-s « >..RF, where 
>..RF is the wavelength of the accelerating field), the maximum increment of coherent 
oscillations of the beam due to its interaction with the fundamental mode of the 
RF -system, containing Nc accelerating cells, is defined by the parameter: 

(6.18) 

These values were calculated (see in Tables 6.4 and 6.5) for parameter sets, given 
in the Tables 2.2 and 2.4 for (Z/Q) = 200 Ohm, which is typical for the normal 
conducting cavities. As is seen, for the proton ring the beam cooling never suppresses 

3 As was already mentioned, the stability of a single bunch is determined by the proper choice of 
the working point, and in this sense coherent oscillations of a single bunch can be done stable easily. 
Hence, we may conclude that, a multi-hunch system can be stabilized by a suitable distribution of 
bunches along tlw orbit. 
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Table 6.4: Multibnnch longitudinal increments in electron-proton collider; RF­
voltage in the proton ring 10 kV, (Z/Q) = 200 Ohm. 

Js(GeV)- - - - -!-3oi20 10 
Pr<ltor!-.Eire!i,Ydev --- T 3o:94 · 125.94 15.94 
Ion beam current A [ 0.1479 I 0.1764 0.2867 
A; 1/s ·1 11.72 I 8.376 4.213 

I 1/Tmb.i 1/s · 230.5 I 472 1504 
[Jw,2_;1/s ...... _ _ _ _I ~77!_ [_41~_._4 525.6 
· Electron energy Gev I 7.5 '1 4 I 1.6 
\ Electron beu.m. current. A 0.5426 [ 0.9208 [ 3.969 

1 A, 1/s 100 15.1710.9709 

I 1/Tmb.c 1/s . . 
1 

13 ... 24. I 108.2. 4608 
jw,), ys _ _ __ 24130 L9400 2378 

Table 6.5: Mult.ibnnch longit.ndinal increments in elcctron-U§58 collider; RF-volt.age 
in the proton ring 20 kV, (Z/C]) = 200 Ohm. 

1 

vs(GcV) - 1_ .. -3.03.094. -~-~o2.094··r1·51.09.4 
fo!r .Eircrg,y Gev /n - "' 
Ion beam current A I 0.022 I 0.0326 0.0428 
A; 1/s 116770 [11040 3862 
1/T,;,.; 1/s 21.42 . 39.03 [139.7 

E~.1~r~;cn(;igyGev _( 
2~\8 .[]s~.3 ~~668 ·-

Electron beam current A I 0.081 I 0.261 0.593 
A, 1/s \ 100 I 29.63 0.9709 I 

I 1/Tm.b.c 1/s 'I 1.979 I" 17.59 688.5 I 

[ (w,), 1/s _ , 24130 ~· 13140 2378 J 
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this instability_ For that reason, the feedback system must be foreseen to ensure the 
beam stability_ On the contrary for the uranium beam the cooling rates always exceed 
the growth rates of the instability, so that such a feedback will not be necessary. In 
electron ring the synchrotron radiation cooling decrements are higher than 1/ T mh 

only for the energy about 7 GeV (see in the Tables 6.4) and 6.5)- Hence, relevant 
feedback system will be necessar·y in this case either. 

The dependences of the multi-bunch longitudinal increments on the synchrotron 
tune and on the mode number reads (see, for example, in [1], or [10]) 

rn = ±1, 

1r { cos(27rcL) -p cos(27ra+) -p } 
F(T,y)=;n~ 1-=2pcos(ha~)+p2 -1:_2pcos(27fa+)+p2 ' 

J: ± y ( 7rh ) 
Ct± = n~ ' p = exp -n~QL -

Here, vk = wk/w0 (wk is the frequency of the cavity mode k), and QL is the loaded 
Q-value of the cavity_ From Eqs (6_19) and (6_20) one can see that. integer ratios h/nb 
are the roots of the decrements (increments) of all multi-bunch modes. Therefore, 
tuning of the cavity in exact resonance with the beam (v1•• = h) eliminates this 
instability. In real operation, however, to compensate for the reactance due to beam 
loading and to minimbe the reflected power, the frequency of the fundamental mode 
of the cavity must be shifted down the resonant frequency WRF t.o 

L:iw - N I(Z/Q) (6.21) 
w~; - c2V sin¢.,' 

where, V cos \Ds is the accelerating voltage. Due to this dctuning, the phase advance 
of the wake of the fundamental mode on the bunch spacing gets a fractional part. of 
21r, which increases both the increments of unstable modes and the decrements of 
the stable modes of the beam. 

Inspections of the dependencies bm(a), for example, for the proton ring (see in 
Figs 6_10 and 6.11) indicate that. except. for a single mode the increments ar·e at least 
10 times small as compar·ed to fl. That. circumstance can simplify the design of the 
necessar·y feedback system. 

6.3 Instabilities Due To Captured Ions 

When the beam moves along a closed orbit. the collisions of par-ticles with atoms of 
the residual gas produce the positively charged ions. A train of electron bunches 
presents for ions a sequence of focusing lenses, separated by time intervals, in which 
ions ar·e defocuscd due to their space charge. Provided that the betatron oscillations 
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of the ions are stable, they can be trapped in the beam and can perturb the motion 
of electrons. Generally, two effects are associated with the ion-trapping. The first 
is a tune shift and spread due to ions, which can be estimated by (see, for instance, 
[46]) 

(6.22) 

where N, is the number of the stored ions. For realistic parameters [46] the value of 
t:..v can reach .05. Due to the nonlinear-ity of the Coulomb force this effect increases 
the Landau darnping of coherent oscillations of an electron beam and, in this sense, 
can be considered as being a positive one. On the other hand, since Landau damping 
dilutes the phase-space volume of the beam (see, for example, in [10]) it generally 
can limit the performance of the ring. 

However, stronger limitations can be caused by the interaction of stored ions with 
coherent oscillations of the beam. Although the description of instabilities due to this 
interaction is very speculative, some of its general properties can be predicted using 
the analogy of this instability and the instability of colliding bunches. In partic:ulaJ', 
we may expect the unstable coherent oscillations below the resonances 

(6.23) 

where integers mz,i define the multipole numbers of collective modes of the electron 
and ion beams. The increments of this instability would be proportional to 

r
--~--

- NN;rorp 
So ex Wo~(; ex Wo -A · 2 , 

i{E 
(6.24) 

and will slowly depend on the multi pole numbers ( mz, m;). Here, A; is the atomic 
weight of the ion and r P = 1.5 10-16 em is the classical radius of the proton. For 
the reasons described in the previous section, we can expect that such an instability 
will be hardly suppressed by Landau damping. Since the configuration of electron 
and ion bemus, which have different transverse sizes, is more stable [10], we may also 
expect the flip-flop instability of the beams. 

Ions will definitely not be accumulated inside the bear11 if the bunch spacing is 
chosen to make the betatron oscillations of the ions unstable. This criterion defines 
the critical ratio R = Nb/nb (see, for instance in [46, 47]) when the ions ar·c swept. 
out of the beam due to their overfocusing: 

(6.25) 

Here, r = uz/u" is the bunch aspect ratio. If we take, for exarnple, Ai ::e 30 (CO) and 
E ::e 2 10-7 em, Eq.(6.25) yields R 0 = 6 x 109

• This value exceeds the corresponding 
ratios for all realistic pMameter sets (see, for example, in Table 6.3) and, without 
special efforts, ions definitely will be trapped in the electron ring. Additional cleaning 



116 Conventional Collective Effects 

can be achieved by using either clearing field electrodes, or missing the necessary 
amount of bunches from the train. As it was found for B-factories, the missing of 
roughly 10% of bunches from the beam can prevent ion trapping. This method could 
be useful for the ENC either. 



Chapter 7 

Lattice Design 

In order to provide the desired luminosities of ENC, the lattices of the electron and 
ion storage rings must enable the following operational options: 

1. final focusing of the colliding bunches at two interaction points; 

2. longitudinal polarL~ation of the colliding particles at the main IP; 

3. maintenance of the necessary and equal ernittances of colliding bunches; 

4. required cooling of the ion bunches; 

5. synchronization of the revolution frequencies of electron and ion bunches; 

6. required beam intensities; 

7. required lifetimes of the bunches. 

The simplest scheme of a storage ring, which provides these functions is a. race­
track with four goo arcs and four straight sections (Fig.7.1). Two straight sections 
must be foreseen for the interaction regions, one - for injection and for RF -systems 
and another one for the emittance control of electron and ion bunches. 

As it was already mentioned in Chapter 2, the operations of ENC in the energy 
range 

10GeV /u :<:: y':9 :<:: 30GeV /u 

and with ions from protons till U§~8 demand the magnetic rigiditi((S for ENC rings 
for the electron-proton mode in the range (BR)i :<:: 100 Tm, while the electron-ion 
modes- in the range (BR); = 100+200 Tm. Below, we describe a preliminary lattice 
design for ENC assuming (B R); = 100 Tm. The main goal of these calculations is 
to show that desired of storage rings options can be are not too tight. 

For the same reason, we do not discuss here the insertions, which equalize the 
horizontal and vertical cmittances of electron bunches. Generally, such insertions 
are necessary to increase the threshold values of ~ due to round cross sections of 
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Figure 7.1: The sketch of the ENC rings. 

colliding bunches. For long bnncches, the expected enhancement can occur due to 
the described in the Chapter 3 phase averaging effect and due to decreasing of the 
betatron dimensions of the beam-beam resonances. It is not definitely clear, however, 
how important is the last point. For long bunches the beam-beam interaction still 
couples the betatron and synchrotron oscillations of particles. Without the phase 
averaging suppression it may result in significant blow-up of the bunch area. As it 
was mentioned in the Chapter 3, the phase averaging suppression strictly speaking 
demands equal horizontal and vertical f-1-func:tions at the IP only. A more reliable 
lattice design can be done in the future. 

In this Chapter we address to the lattice design of the conventional optical func­
tions of the rings. The polariO<ation control and related subjects will be described in 
the next Chapter. 

7.1 Arc Lattices 

The functions of the an· optics in the ion and electron rings are different. In the ion 
storage ring the main goal for the arc lattice is the transporting of the beam between 
the straight sections, containing special insertions. In order to avoid additional blow­
ups of the beam cine to intrabcmu scattering and due to the space charge instability, 
its optical functions should be as smooth as possible. As was shown in Chapter 5, 
that can be done using, for example, the sepmat.ed functions FODO lattice. 
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In electron ring, the arc lattice significantly contributes to the producing of the 
horizontal beam emittance. The equilibrium value of the horizontal emittance of the 
bunch due to synchrotron radiation of electrons reads 

[nm], (7.1) 

where R is the bending radius, II = 21r R0 , 

11. = D;, (3 .. (D' -D (3~'--) z 
6 + X ·" '· 2(3 ' 
1 X X 

(7.2) 

and G, is the so-called horiwntal partition 

G.= [nds [1-1-2r<D] (7.3) 
x .fo 21r R2 R ' ' 

n is the field index. For the lattices with the separated function magnets (n = 0) we 
have 

G.v=~(1-~~). 
Then, if the arcs consist of N B identical bending magnets so that 21r R 
Eq.(7.1) yields (a« 1) 

3.8 X 1()-"~ 1; llB 
E.= -···· ---.. dstl.(s) 
' 21rR2 o 

[nm]. 

(7.4) 

(7.5) 

If the bending angle in a single dipole is small (cf>s = ls/R « 1), then 11. ex ¢1, 
and Eq. (7.5) shows that the equilibrium beam emittance varies proportionally to 
,;,ot(for a given y's, Ex ex 1~¢1). On the contrary, the requirement to maintain the 
luminosity at the level of 1033 1/[cm2 s] per nucleon, demands a decrease in the beam 
emittance proportionally to 1.";112

, which means that special tools must be foreseen in 
electron ring to make the bunch emittance controllable. Presently we have chosen a 
lattice scheme, where the arc lattices enable small emittances at higher energy of the 
electron ring. An increase in the beam emittance at lower electron energies must be 
then provided using, for example, wigglers placed in an insertion with the increased 
value of the dispersion function. Such an insertion can be placed in the straight 
section, which in ion ring is occupied by the cooling area. As we told already, the 
main goal of such a lattice design is to demonstrate its feasibility. 

Presently, for the sake of simplicity, we design the electron and ion rings arcs 
as consisting of identical items (dipoles and quadrupoles). The field strengths are 
certainly different for both rings due to different values of the designed B R. An 
optimhoation of the arc lattice and improvements in the strategy of ol>taining of the 
required electron beam emittances can be done during the future work. 

The magnetic system of the arc lattice was designed using the MAD program 
[48]. The of following values 
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• total length of the cell ( L,dl), 

• the length of the lenses ( Ltcns), 

• the length of the bending magnet ( l H) and 

• total number of the elements of periodicity (Nceu) 

were used as tlw vmiablc input parameters for MAD. As the output parameters we 
used 

• the beam emittance ( E, for the electron ring), 

• the total circumference of the aJ:cs ( L,n.), 

• the length of the drift space (Lc~,,1 ; to distribute the sextupoles for the chro­
maticity corrections), 

• the field of the bending magnet ( l3bcnd) and 

• the gradient field in the quadrupolcs ( Gtcns). 

The output parameters wen' required to obey the following limitations: 

E :S 6 [nm], C :S 600 [m], Ldrif?: .15 [m], Glens :S 0.215 [T/cm]. 

If the lengths of the bending magnets in electron and ion rings are equal, the values 
lH and N,e~1 obey the additional condit.iou. We adopt that the maximum magnetic 
field in the proton ring must be smaller than B,w.,, ::; 1.9 T for BR = 100 Tm. Then, 

27r 
--+ lB · N,,u?: --

1 
_--·- ""'330.7 [m]. 

Bnun BR 

After examining diffen'ut schemes [49, 50] the antisymmetrical FODO structure was 
chosen as the standm·d cell (see in the Table 7.1 and in Fig. 7.2). The optical 
functions for both rings m·e shown in Fig. 7.3. 

f< -· - Lcett =5.55 m ______ _1 
-

f b 

d 

r-­
.-----,r 

b 

"- --- "1 ---- "1 ------
'L=/.55 m · L =0.9 m 

Figure 7.2: Layout of the clement of periodicity for both rings. 
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Table 7.1: ENC standard cell for JS = 30 GeV. 

[ ~~- j)animetcr --- I electron I proton] 

1
----------···--·---_ ... ~-·-----~ Nceu 108 

cell Lcet-z ,------ m -- 5.55 __ _ 
l_____ ~d~ift ~ Ldrift, -- m----;r: X 0.1625 
~--- --------~~~·-·----, , each lB, ___________ m ___ 1_._5_~--- ! 

I 
of ¢B/2 =_ 1r/Ncell 0.0290888211 
2 R~2lB/¢s, ---· m -53.28Sl 

\magnets !J, --=-==-----T ~4692J l.S761j r- -- ·---rr:---- ---~----- -_- ___, 
• 1 Lzen., m 0.9 j 
I 

f,d '!Gf,-- T/cm --.2002 __ _ 
lenses Gd, -- ---- T/cm ----=.2oo6--

L _______ ._~------ ---·------ ---------
total Lares - 599.4 m 1 [___-- -----. -----_ --=-------_ ····--- --' 

------- ------------------ ___ ..] 

121 

An inspection of the Table 7.2 shows that the obtained arc lattices arc very 
rigid (vx.y "" 37 for electrons and Vx.y "" 8 for protons) and are characterized by 
large natural chromaticities. However, we can mention as an advantage that this 
arc structure provides for the proton ring the transition energy below the injection 
energy. The Table 7.3 shows that a special devices (wigglers) must be foreseen to 
increase the electron beam emittance at lower energies. 

7.2 Main Interaction Region 

The ENC lattice should foresee two interaction regions. We remind the reader main 
requirements to the parameters and layout of the main interaction region. It must 
contain the detector solenoid (f Bdl = 5 Tm, similar to TOPAZ [4]) surrounded 
by two spectrometer dipoles (J Bdl = 1.7 Tm). The optical scheme of the main 
interaction region (IR) should provide the following options: 

• head-on collisions; 

• equal and small (J-functions ("" 10 ern) at interaction point (IP); 

• electron-ion beams separation at the first parasitic IP (not less than (5~ 7)CJ _1_); 

• the longitudinal polarization of the bunches at IP; 

• the required equipment inside detector should be placed in the cones between 
0' = 3° and 0' = 10°. 



122 

11.7 

10.-1 

1.3 

6.5 

5 •. ' 

Lattice Design 

Table 7.2: Optical parameters of the ENC arc cells. 
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Table 7.3: Beam emittances for different regimes of ENC. 

The optical requirements for the second interaction region are not well defined yet, 
except for an assumption that the f)-function at this interaction point can be large. 
For that reason, below we describe the design of the main interaction region, assuming 
that both interaction regions are identical [51]. 

Since between the final focus quadrupoles ,6-functions vary according to 

2 

j)(s) = (3 + ~' 

the first final focus quadrupoles should be placed as close as possible to the IP. 
For the closed orbit perimeter II = 1000 m and for the collision frequency 60 MH7-

the bunch to bunch distance is exactly equal to the length of the detector solenoid (5 
m). It means that the distance between the main IP and the first parasitic IP is 2.5 
m. If we want to avoid the parasitic beam-beam interactions, then the separ·ating 
dipoles also should be placed inside the detector solenoid. Presently, the chosen 
scheme provides the bearns separ·ation in the horizontal plane. 

Additional embarrassments for the final focus system occur due to the spectrom­
eter dipoles (1 m long). It. can be cured, if a spectrometer dipole is divided into two 
parts, while the second lens of the final focus system is placed between these dipoles 
(Fig.7.4). Such a scheme may also enhance the energy resolution of the spectrometer. 

The separating magnet and the first lens provide a "" 4 7 mrad deflection for the 
electron beam which result is"" 60 rnm beams separation at the first par·asitic IP (see 
in Fig.7.5). These elements are placed inside the above-mentioned narrow cones. An 
inspection of the main parameters of the elements ar·ound IP (Table 7.4) shows that 
the required magnets although must be performed as supcrconducting, are not very 
tight. The figure 7.6 dcmon8trates the optical functions of the interaction region for 
both rings. 

A direct matching of the optics in IR and ar·cs has yielded the different lengths 
of the IR straight sections for protons and clectron8 (Table 7.5). This difference 
is compensated by two special insertion8 (up- and down-stream from IP) with the 
length Lsp.ins. = 36.74 m, which ar·e matched with the optics of the interaction region 
and arc8 of the electron ring. They increase the total betatron tunes and total 
chromaticity of the interaction region (tunes by 2 x 1.0 and 2 x .5 and chromatic-ity 
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Figure 7.4: Schematic layout of the interaction region around IP for both rings; upper 
graph - electrons. Since the mirror symctry is assumed, only the right half of the 
interaction region is shown. 

Table 7.4: Par,unctt'rs of the elcmt'nts around IP for ENC with /3' = 10 ern. 
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Figure 7.5: Ion (upper curve) and electron trajectories with the beam separation 
magnets on. 
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Table 7.5: Main parameters of the interaction region. 
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by -2 x .451 and -2 x .930 correspondingly). 
The places for the spin rotators are foreseen in the electron and proton interaction 

regions; besides, the places for the emittance control wigglers are foreseen in the 
electron ring. 

7.3 Cooling Region Straight Section 

The optics of the cooling straight section must provide the electron cooling area with 
the cooling length of about 0.02IT, zero dispersion and the ,6-fnnction of about 200 
m. This ar-ea must be optically matched with the adjacent arcs of the ion ring. The 
optical functions of the cooler insertion with a total length 60 m arc presented in 
Fig.7.7. 

7.4 Synchronization of Ion and Electron Revolu­
tion Frequencies 

Colliding electron and ion bunches must have identical rotation frequencies. The 
required electron energies tr.rc ultra-relativistic so that for constant perimeter of the 
dosed orbit their rotation frequency is practically constant 

f Vc C 
JO =- ~ -. 

IT IT 

On the contrary, the ion bunches in ENC m·e not so much relativistic. For that 
reason, in the energy range /.5 = 10 7 30 GeV /u the rotation frequencies of ion 
bunches may var-y significantly (sec, for example, in Fig. 7.8). This difference in 
the rotation frequencies of electron and ion bunches can be compensated varying 
the perimeter of the closed orbit for difkrent energies of ions. In general, such a 
circumference adjustment reads 

6IT 6:v J - -- J-- -· - 6w 
= ""''- -- = 1- 1/12

- 1- 1/1
2 

- -rr I' w f't:j w l 
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As is seen from Fig.7.9, the necessary variation of the closed orbit perimeter can be 
rather high. 

The variation of the ion closed orbit circumference with an increase in ion energy 
can be done using special orbit bumps (see in Fig. 7.10). The amplitudes of the orbit 
bumps and values of the required fields can be considerably decreased if the total 
adjustment of the circumference is divided into several parts (see in Table 7.6). Each 
bump provides the same bending angle as the replaced arc cells. For that reason, the 
magnetic fields in the bump dipoles are different (correspondingly, B1 and B2 in Fig. 
7.10). The betatron functions of the bump must be matched with that of adjacent 
arcs. Distributing these bumps in the arcs, it is possible to save the length of the 
technical insertions. 

B2 B2 

B2 

Bl Bl 

orbit for Eref 

r-· ·- --- ·- -· ·-· ---· -- -~ 
L;,.l' I 

Figure 7.10: The principle scheme of the element of the adjustment system. 

The Table 7.6 shows that the scheme with 8 orbit bumps (see Fig.7.11) enables the 
lowest (as compared to schemes with one, or four bumps) required radial displacement 
of the ion orbit. The operation with ion energies in the range from Ed= 25 GeV ju 
to E, = 30 GeV /u can be carried out using magnets with large radial aperture 
(about 20 em, see in Fig.7.12). Wider variation of the proton (ion) energies still 
will demand a tool enabling the radial displacement (of about 1 m, Fig. 7.12) of the 
bump segments. The fields in the bump magnets are reasonable. The magnets do 
not violate the symmetry of the ring. 
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Figure 7.11: The quarter of the ring with two orbit bumps. 
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Table 7.6: Characteristics of the adjustment systems for 
E,·cf = 16 GeV and II= 1200 m. 



Chapter 8 

Polarization Control 

8.1 Electron Bunches 

The radiation polari~ation time of electrons (Tv) reads 

As is seen from Fig.8.1, the values of IBI3 , which are necessary to reach the polar­
i~ation times 10, 20, or 30 min, essentially exceed the values provided by the ring 
arcs. For that reason, the polaJ:ized electron bunches in ENC can be obtained either 
using the polarized electron source (with subsequent acceleration of particles in the 
injection chain accelerators), or using special wigglers (see, for exarnple, in Table 
8.1). Such a magnet was already produced in the BINP. Two sw:h wigglers provide 
the required polarization time (-<; 30 min.) for E = 7.5 GeV, three wigglers for 
E = 4 GcV and five wigglers ar·e necessary for E = 3 GeV 1 As a payment, such 
wigglers will decrease the equilibrium degree of polarization Pcq (see in the Table 8.1) 
and will increase energy losses of the beam due to synchrotron radiation ( SR): 

The contributions of these losses to the energy spread read (see also the Table 8.2) 

where 
I 2 = Bds f 2 [T2rn], I,3 = j IBI"ds [T3m]. 

Since after passing the IP the bunches are separated in the horiwntal plane, the 
longitudinal polarization of particles at the IP is obtained using two spin rotations 

1 For the energy 1.6 GeV the polarization time in the collider ring becmncs very long. In this 
l:ase, polarized electrons must. be produced using a special sourcc. 
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Figure 8.1: The required average cube of the field modulus for different polarization 
time depending on the beam energy; x --the contribution into< IBI3 >of the arcs 
for II = 1.2 km. 

Table 8.1: Wiggler chamcteristics. 
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[52]. First, after the cu-e exit the spin is rotated from the vertical into horizontal 
plane. This transformation is performed using the solenoidal spin rotator. Then, the 
spin is turned in the horizontal plane by 90° using the vertical magnetic field. For 
the matched particle energy and strengths of the rotating fields, the particle arrives 
to the IP having its spin parallel (or, antiparallel) its momentum. 

It is convenient to select such a scheme of the rotator, when the vertical-horizontal 
coupling of the partiele oscillations is localized in the rotator. In this case, the 4 x 4 
transport matrix of the rotator will be diagonal 

It is also possible for the 2 x 2 matrix A to have a form of the matrix of the empty 
space with the length ( L), equal to that of the rotator 

A=(~ f). 
To realize this scheme [53] the rotator solenoids must be surrounded by two lenses, 
which are turned in the (:1; - z) plane on the angle atilt ""' ±K /4 2, while a nontilted 
quadrupole should be placed between the solenoids (sec Fig.8.2). 

2 1\!Iorc precisely, by 
7C 

Cttilt = ±-~-- --, 
4(1 +a) 
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The chosen parameters of the elements of the electron spin rotators are presented 
in Table 8.3, while ;)-functions with and without rotator are shown in Fig.8.3. 

Table 8.3: Main pannneters of the solenoid spin rotator (e-ring). 
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Figure 8.2: Solenoid spin rotator insertion (e-ring). 
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Figure t:i.3: Solenoid spin rotator influence on the ,6-functions (c-ring). 

where a = 0.001159()5 ... is t.lH' dilll('llsionlcss part of the anomalous magnetic moment of the 
electron. 

28 30 
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8.2 Ion Bunches 

To work with the polariwd protons it is necessary to solve two problems: 

• proton acceleration without losing its polarization; 

• achievement of the longitudinal pohu-ization in the interaction point. 

It is proposed to solve both problems using siberian snakes and rotators which 
are manufactured on the basis of spiral magnets. This decision is preferable since: 

• smaller orbit disturbance than in the case of a dipole magnet snakes is achieved; 

• power capacity of such snakes ( ~ J B 2dV) turns to be less due to a smaller 
magnet aperture. 

As is known, siberian snakes assure the independence of the precession frequency 
of the spin of the particle energy, which enable conservation of the beam polarization 
during its acceleration. In the last case, a correct choice of betatron frequencies 
permits to avoid all dangerous spin resonances. 

When a particle passes the snake, its spin changes the sign. It is equivalent to 
a rotation of the spin on the angle 1r around some axes in the horizontal plane. It 
is convenient to define the angle between this axes and the particle velocity ( ¢). If 
(D = 0, the snake is called as a longitudinal; if¢ = 1r /2 it is called as a transverse one. 

The spin tune (v) will not depend on the particle energy, if two snakes arc placed 
on the closed orbit and are separated by the half of the orbit perimeter. In this case, 
the value of v must be matched with angles ¢ 1 and ¢ 2 , which are specific for these 
snakes (for example, v = 1/2 for ,v1 ~ ¢ 2 = ±1r /2). 

A "continuous" snake (with a. random angle of spin rotation in it and direction of 
its axis in the horizontal plane) was suggested by Steffen [54]. When dipole magnets 
are used, its scheme takes the form [55] (see Fig.8.4): 

S = (~H,~V,mH,2V, ~mH,~V,H), 

where H and V are rotating magnets in horizontal and vertical planes respectively, 
and m. > 1 (m is not obligatory integer!). The choice of H and V determines the 
spin rotation angle (180° for 100 %th snake) and the direction of its axis. The same 
kind of the snake can be constructed from spiral magnets. The main advantage of 
this choice is the achievement of a smaller orbit disturbance than in the case of a 
dipole magnet snake. 
Though the field integral (J J3ds) is higher when spiral magnets are used, the power 
capacity of such a. snake ( ~ .f B 2dV) turns to be, nevertheless, less, because of a. 
smaller magnet aperture. Each magnet is characterized by the undula.tor factor p: 

eB 
p=---

m.c21kl, 
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Figure 8.4: Scheme of "continuous" snake. D,,y arc the orbit deviations. 

where B is the mnplitude of the undulator magnetic field. Along the undulator the 
magnetic field is distributed according to 

D, = -Bsinks, D" = Bcosks, 

so that k = 21f /,\ is determined by tht• period ,\ of field transformation in the magnet; 
helicities of the utmost and all the central magnets coincide in pairs. 

8.2.1 Acceleration of the polarized beam 

In the Table 8.4 the parmnctcrs of the snakes are represented. The orbit deviation 
is listed for ,\ = 2.4 m. 

Table 8.4: Parmneters of the snakes. 

I lc; "' -,_ --1 
I "' I "' S J Ddl, orbit deviation (em) for 1 

!P..J5H 
: ~- r. bD PI p., different energies ( Gc V) - "' ::'1 sc:hcnl(' , 'b _ 

2 " • ! Tm 30 25 16 

ilPI = -p,,p2-;;;;__:p_,t=~=~l--=]~_(_~!19- 25~- 2.6 T 3.1-- 4-:s-
4 ]Jl_= -p4, P2 = -P:ll· oo_l .27_+_-::::35 _24.5 T 2.0 L 2.4 3.8 

1 PI =PI, P2 = P3 goo .2o 1 .52 30.9 ! 2.0 2.4 3.7 
---•-------- ------------------------------- ------------- J _____ - _L - ------------- ------- •- -------

Two possible schemes can be composed from these snakes. In one scheme, two 
snakes of typl' A with opposite signs of the magnetic fields provide the acceleration 
of the proton beam without depohu·i~ation. In the other scheme, the snakes B and 
C are applied with the same result. Design of these snakes and their helicities are 
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shown in Fig.8.5 and 8.6. The snakes A and B use the vertical field at the entrance 
of the magnets, while the field orientation of the snake C is at 67° from the vertical 
direction. 

t±j 
-P, 

1 

Figure 8.5: Scheme of the A-type and B-type snakes. 

Figure 8.6: Scheme of the C -type snake. 

For .\ = 2.4 m the value p = 0.5 corresponds to the magnetic field of"" 4.1 T. 
The more precise values of the magnetic field would be obtained by direct integration 
spin and orbit motion along the bemn trajectory, taking into account fringe fields and 
natural nonlinearities in helical magnets. The total length of the snake (all types) 
equals "" 10 m. The length of the snake as well as the orbit deviation are reduced 
proportionally to the increase of the magnetic field. Thus, the parameters ar·e quite 
satisfactory. 

8.2.2 Longitudinal polarization 

Longitudinal polari>~ation in the interaction point can be received using a spin rotator 
consisting of spiral magnets. Schemes with a different number of such magnets m·c 
posfi'a!Rgr\I'mosprulreilllecmlEi!IJ:reliE<i!leii>k<sWlllleiBltd>wrilllblFi§.8. 7. The snake C uses the 
hori>~ontal field at the entrance of the magnets, while the field orientation of the snake 
D is vertical. 

It necessary to note that the separ·ation magnets used in the interaction region 
(with the angle"" 47 mrad) introduce additional small spin rotation. It will be taken 
into account in future. 
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Table 8.5: ParaJ.ncters of the snakes. 

+ + 

Figure 8. 7: Scheme of the D type snake. 



Chapter 9 

Injection Chain 

9.1 General Description 

The electron and ion bunches are delivered to the collider experiment energy in 
a sequence of accelerators providing the bunches with the parameters which are 
necessary for the experiments. As far as the planed experiments are going to use the 
polarized bunches, the accelerators in the injection chain must be capable to preserve 
the polarization of the accelerated bunches. Corresponding intensity requirements 
to injector accelerators can be found in the Tables 2.2 ···· 2.4 (see also in Table 9.1). 
These data show that lifetimes of ion bunches are long enough for all ENC modes, 
while the lifetimes of electron bunches can be rather short (several hundred seconds) 
for the heavy ion operational modes. For these modes, a requirement to maintain 
the average luminosity close to the level 1033 1/[cm2 s] per nucleon demands the 
full-energy injection of electron bunches in ENC. We remind the reader that the 
top required energy for electrons in ENC is about 9 Gev. In order to avoid huge 
energy losses of electrons due to their synchrotron radiation, the perimeter of such a 
synchrotron should be comparable to that of ENC. For that reason, with the increased 
level of the guiding magnetic field such a synchrotron could be used to accelerate the 
ion bunches either. 

Additional desirable functions of the high energy ion/electron synchrotron can 
be figured out calculating initial cooling times for ion bunches after their injection 
in ENC. In these calculations we assume that the ion bunches injection chain can 
be based on the existing accelerators UNILAC and SIS after their relevant upgrade. 
Below we shall use the parameters of the SIS given in Table 9.2 (see also in [58]): 

The cooling time of an ion bunch after its direct acceleration to the colliding 
experiment energy reads 

1 Z 2 2AeTeTpCLc,j,6~ = ------~--·-
Tc A "(5 ( E')5/2 

(9.1) 

Here, Ae = ne21f{lcE is the linear density of the cooling electron beam, ,;2ir,BcE is its 
nns radius, E' = Einj"/ini/'1' is the emittance of the injected beam after its acceleration 
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Table 9.1: Intensity and energy requirements for the electron-proton and electron­
U~j8 modes of ENC. 

[ y'sJGeYI--~-- _ -_-_-:::_-r_1o- 1 20 r-30 J 1- -- - - - --- - - ~----~~--, 

~Protons __ ____________ _c. ___ _L __ ~L _ _j 

[ N, xJ.o-=-to -- --- - - -13.65612.585-p~m · 

.

1 

Energy [Gev] 117.21 24.34 [ ~9.81 

I_ Rad~at._Jlec()mbination LifctimcJI!] _87'_ ~1 _ 50 
B R [Tm] I 57.3 81 r 99.3 

. Nc X w-!0 I 43.32 15.31 8.336 
j Energy [GeV] [ 1.4 I 4.1 7.5 
I BR [Tm] 4.67 ' 13.6 I 25 
i -~rellr~str~ahlung !-~fetime [lr] __ I 50~5-U 22.63 _t__l:5.01 
LB~re:l1~'a_l1ium ions- __ -j_-~_ [_ _r J 

~~~~~~,~-. ----H~'l ~:~ l,~:f . 
[R<t~ia~_ Rccombirmt~on !-ife!i_lnej~ ~_!8()_ __ 556 434 
_ N, x w-lo I 13.2 [4.668 2.541 
\ Energy [GcV] , 1.8 

1 

5.2 9.6 

I ~r~n[r:~~~alrlung Lifetitrrc [sL _ 116
6
72 __ I_ ~~:j_ 532~ J 

Table 9.2: Short SIS Parameter List. 

I ~~i~:~~jtc~:t;~~) [Tr:] - - - ---
216.7 
1.8 
18 
10 

\ DR (top) [Tm] 
· Magnet bending radius [m] 

I
' Straight section length [m] 

Number of bunches 
I Beam emittance [mn] 
: De,un energy spread 
I Cyck period [s] [Ions - -- --
. Kinctic'cll.erg,y [Gcv7ir] 

( "'/[J)rna.x 
Ions/ cycle x 1 oco 

5.99 
4 

5000 
0.001 

3 
p ---Ne_JD_ tJ73 

------

4.5 2.0 1 
5. 7 4 2.89 1.89 
20 10 2.0 
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till the final energy (kyMc2
). 

The calculations of the cooling times with parameters given in the Table 9.2 yield 
the cooling times, which from protons till bare uranium ions range from about a 
half till several hours (see the second lines in Tables 9.3 and 9.4). These cooling 
times are certainly too long especially for the collider modes working with heavy 
ions, where the lifetimes of electron bunches are short. The required duration of 
the ENC injection cycle for protons can be estimated as follows. According to data 
from Table 9.2, the proton beam in ENC containing about 3.6x 1012 protons using 
relevant rebunching of the extracted from SIS bean1 can be obtained during 18 SIS 
cycles (about 1 minute). After subsequent acceleration, the cooling of these bunches 
depending on the experiment energy will take from 0. 7 till about 5 hours. These 
numbers estimate the required injection cycle periods of ENC, if the bunches are 
eooled at the top energies. In this case, the low-energy beam intensity in the high 
energy synchrotron can coincide with the extraction beaut intensity from SIS. 

Table 9.3: Cooling times of proton bunches in electron-proton collider; precooling 
energy 4.5 GeV, the density of the cooling electron beam ne = 3 x 108 1/cm3

, energy 
of the cooling beam 2.89 MeV. 

;rB GeV __ ,_'' ''- ,,, __ '-, -----, --101 20- T3b 
High energy cooling time (without precooling) [h] 0.7 , l23 
Injectior1 precooling time [sr- --, - -- - --273 _, 273 273 
Injection energy Laslett tune shift 0.018 0.013 0.010 
High energy cooling time [s] 35 49 60 
Precooledemittance [nm] ''-,,, ,,,_, , ___ ,_ 908.:31_642.3 1 524.4 

Table 9.4: Cooling times of bare uranium bunches in ENC; precooling energy 1 
GeV /u, nc = 3 x 108 1/cm3

, energy of the cooling beam 1 MeV, the recombination 
lifetime at SIS extraction energy is about 700 s. 

I JsGev--- ------

I 
~igh energy cooling time (without precooling) [s] 
njection precooling time rsr- -- --- --
njcction ''nergy Laslett tune shift 

High energy cooling time [s] 
[_!'recool~d emittanc~ [nm] _ _ __ __ _ 

-10 120-T 3;! 
1411 1 4746 965o 
o:o44 1 o.o44fc.044 
0.03 I 0.020 O.DlJ7 
0.27 0.27 0.27 
147oJ 1o39 1 848.7 

The injection cycle periods can be made significantly shorter, if prior to acceler­
ation the bunches arc precooled at the extraction energy of SIS, or at some interme­
diate energies. The bunch emittance after precooling is determined by the threshold 
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value of the Laslett tune shift at the precooling energy. The precooling electron beam 
density especially in the electron-proton mode cannot be as high as that in the main 
cooling system. Taking as a reasonable value ne = 3 x 108 1/cm3 within the radius 
0.5 em (the cooling beam current about 1 A), we find the numbers, given in Tables 
9.3 and 9.4. The gain is strong for the heavy ion modes of ENC, where the required 
cooling times decrease from thousands seconds to 0.27 s. In the electron-proton mode 
the precooling will result in significant benefit in the injection cycle periods only in 
the case, if the full ENC intensity injection in the high energy synchrotron is possible. 

Main IP 

Iligh Energy Synchrotron 

UNlLAC e-- Iinac 

2-nd IP 

Figure 9.1: ENC injection scheme using SIS 
as an electron booster 

Main !P 

Electron 0 
gz Booster .i:J 

>:: 
0 
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.s " u - § u 

"' E t:: ·a 
;.::l 

2-nd IP 

Figure 9.2: ENC injection scheme using ad­
ditional electron booster 
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Two examples of the ENC injection schemes with the full-energy injection in the 
ENC are shown in Figs 9.1 and 9.2. The first one employes SIS either as the booster 
synchrotron for electrons. Since the injection magnetic rigidity of SIS is 1.8 Tm, the 
final energy of electron linac should be 540 MeV. The top magnetic rigidity of SIS 
corresponds to electron energy 5.4 GeV. If the closed orbit radius is held 10 m, an 
electron will lose the energy 7.65 MeV per turn. The perimeter of SIS may contain 
up to 43 electron bunches, which is 1/5-th of the electron ring ENC current. So that 
the required power of the RF-system can be estimated as 4.6 MW. These figures are 
maybe a little bit high for the booster synchrotron. A decrease in the extraction 
electron energy form SIS twice reduces the required accelerating voltage and the RF­
power 8 times. Remaining acceleration of electrons can be done, if necessary, in the 
high energy synchrotron. 

If an employment of SIS as an electron booster is not desirable, the electron injec­
tion chain must be supplied with the electron booster synchrotron. The extraction 
energy from this synchrotron could range from the lowest required electron energy for 
ENC (1.4 GeV) till, say, 3 GeV (BR = 10 Tm). In that case, the required variation 
of the magnetic field in the high energy synchrotron will be not too wide (10 - 200 
Tm). 

9.2 Electron Linac 

9.2.1 General scheme of the electron linac 

A list of the possible main injector parameters is given in Table 9.5. 

Table 9.5: Main injector parameters. 

Final energy _________ ---·-- -500-MeV 

Number of electrons per bunch 
Repetition rate up to 
Energy spread: electron bunch 
RF frequency 
Klystron pulse power 
Number of klystrons 

5. 1010 

120 Ho-o 
±1% 

2856 MHo-o 
~63MW 

3 

The main components of the injector are shown in Fig. 9.3. The injector com­
prises a thermionic electron gun, a buncher, and 500 MeV electron linac [59, 60]. All 
parts of this accelerator enable to provide a single bunch regime at the repetition 
rate up to 120 Hz. 

The thermionic 200 kV triode gun delivers 2 ns pulse current of 10 A. The emit­
tance of the beam is less than 10-2 ern. This bunch passes the subharmonic bnnc:her 
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Figure 9.3: General scheme of the injector. 
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operated at the 16-th subharmonic of the basic frequency of 2856 MHz. The buncher 
contains two quarter-wavelength cavities with drift gaps. The transverse focusing of 
the beam is made using the longitudinal magnetic field, which is produced by current 
coils, placed around the cavities. Such a bunching system provides a 200 ps bunch 
on the exit of the S-band bunching section. S-band buncher operates at the back 
travelling wave with exponentially increasing accelerating field and provides a 20 ps 
electron bunch at the entrance of the first accelerating structure [62]. The short 
bunch length is needed to provide a small energy spread (±1%) during a further 
acceleration. 

The 500 MeV linac consists of 9 accelerating sections which are 3 rn long and 
have a constant impedance structure operating at a travelling wave (211 /3). The 
transverse focusing of the bunch along the linac is reali~ed by the solenoid field at 
the first section of linac and two quadrupoles in each of the other sections. The 
accelerating gradient in the first section is 25 MeV /m, and in the other sections it is 
up to 18 MeV /m. 

The 9 accelerating sections arc powered by 3 RF modules witch can base on S 
band klystrons 5045 (SLAC, USA). This klystrons provides 63 MW, 4 JlS RF pulse 
at 2856 MHz. A SLED power compression system permits to obtain the necessary 
gradients of accelerating fields. The output power of SLED is fed to three or four 
accelerating sections. In order to maintain the reliable capturing, the first section of 
linac have higher accelerating rate. It is attained by applying half of the RF power 
from the power compression system of the first klystron to these section, then the 
second half of this power is divided equally between two regular sections. The power 
of the second klystron is divided half-and-half between four regular sections (the 
power is divided by 3 dB hybrids). The third klystron feed two last sections without 
any power compression system. 

9.2.2 RF module 

The RF module for example consists of a 5045 klystron and a high voltage pulse 
modulator. The high voltage pulse for the klystron is produced by the modulator. 
The modulator is a conventional line type modulator with an oscillatory charge of a 
pulse forming network (PFN). It consists of a high voltage power supply, a charging 
choke, PFN and a thyratron switch [61]. 

9.2.3 Beam diagnostic. 

The beam diagnostic system of linac can be divided by two parts. The first one 
provides a single bunch diagnostic at maximum repetition rate and has no significant 
influence on the beam. This system includes a wall current monitor placed just after 
the gun, and 9 Beam Position Monitors (BPM) mounted at the entrance of each 
section. The second system includes 4 movable beam profile monitors and magnetic 
spectrometer with Faraday cup placed at the end of accelerator. This system destroy 
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the beam, but give us information about transverse bunch size, energy, energy spread 
and total bunch charge. 

9.2.4 RF control system. 

RF control system includes the low power RF driving system, the RF measurement 
system, the subharmonic lmncher RF system and the system for sections and SLED 
thennostabilising. 

9.2.5 A rough cost estimation. 

The S-band RF system forms the main p<n·t. of linac cost. Including all expenses 
comes from another systems of linac, the rough evaluation of the linacs cost should 
be ncar 1000 k$ /100 MeV. Note, that this rmmber will not be valid for the energy 
range below 200 MeV. 

9.3 The Full-Energy ENC Filling-up Scenario 

Let us briefly discuss the ENC filing-up sccna.rio for the case, when the full-energy 
injection is realized. The sequences of the required operations with electron and 
ion beams for the first ENC filling-up procedure is listed below. With full energy 
injection subsequent. injections demand smaller amounts of particles and can be done 
during a single injector cycle. Such further injections could be done for electron -
light ion modes once per 3 honrs, or once per 10 hours depending on the experiment 
energy. The electron-heavy ion modes of ENC demand more frequent (once 500 s 

1 honr) additional injections of electron and ion bunches. If the polarization of 
electron bunches is made in ENC using the wigglers, the item 4 can be skipped. In 
such a case, the ENC filling time with electron beam is reduced to a single cycle 
pola.rLmtion time (10 20 min). 

• Filling-up of ENC with electron bunches (about 10 min per cycle, total about. 
50 min): 

1. extraction from electron linac (Ef = 0.54 Gev) and filling-up of the elec-
tron booster synchrotron (about 40 bunches, during 1 s); 

2. preaccclcrat.icm in electron booster synchrotron 0.54 Gev-+ 3 GeV; 

3. injection in the high energy synchrotron and acceleration till top energy; 

4. waiting for the beam polari,ation (about 10 min or so); 

5. deceleration till required energy; 

6. injection in ENC; 

7. bunch shaping (longitudinal and transverse); 
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8. repeat injection cycle 5 times. 

• Filling-up of ENC with proton bunches (about 25 min per cycle); 

1. rebunching of the SIS beam (4---+ 20 bunches); 

2. injection of 2 x 20 proton bunches in the high energy synchrotron ( 6 s); 

3. precooling (about 5 min); 

4. acceleration till desired energy; 

5. injection in ENC; 

6. repeat injection cycle 5 times; 

7. final cooling in ENC (about 1 min); 

8. switch off the bunch separation at the interaction points. 

• Run. 

In the electron - heavy ion ENC modes the filling-up of ENC with ion bunches 
takes several seconds. The electron bunches must be changed, or must get additional 
deposits about each 1-2 min. These time intervals are very short for the bunch 
polarLoation and may demand the generation of electron bunches using the source of 
the polarized electrons. According to data from Tables 9.2 and 9.5 the filling time of 
ENC can be then reduced to several seconds. 

Since the positions, width and, generally, the shape of the ion bunch footprints 
essentially depend on the intensity of electron bunches (two interaction points) 

without special efforts short lifetimes of electron bunches may result in the decreases 
in the lifetimes of ion bunches due to, for example, crossing of resonances by ion 
oscillation tunes. For that reason, the working point of ion beam must be corrected 



Chapter 10 

Basic Technical Systems 

As could bt' seen from previous Chapters, the required ENC beam parameters can 
be obtained using the storage rings employing technical systems, which are more 
or less ordinMy for electron and ion storage rings of this size and working in the 
desired energy ranges. Det,1iled design of these ordinary systems is out of scope of 
this study and can be done in a reliable W<W in the future. In this Chapter we focus 
on the discussion of the technical systems, which can limit the ENC high luminosity 
performance. 

10.1 Main Interaction Region Magnets 

One of the severe ENC design demands is a requirement to leave free of the optical 
elements the small and the large collision angle cones. For that reasons, the optical 
elements in the interaction region, which are necessmy to squeeze the beam at IP and 
to sepmate the bunches at the parasitic IP must be placed within the equipment cones 
(3° ::; a::; 10°, see also in Fig. 10.1). For the magnets placed close to the interaction 
point the embmrassments occur due to small available transverse distances. Outside 
the detector solt'noid the required parameters of the quadrupoles become too tight. 
For these rea:;ons, the ENC magnets in the main interaction region (see in Chapter 
7 for their parameters) should be performed as iiUjJt>rc:onduc:ting ones. Examples of 
such dipole and quadrupole magnets arc shown in Figs. 10.2 and 10.3. 

10.2 RF-systems 

Since the required RF-voltag(' in the ion storage ring is only 50 kV, the designing 
of the RF -system of this ring should not present any difficulty for light ion modes. 
For the heavy ion operation modes relevant feedback systems must be foreseen to 
compensate the cavity cktuning due to their beam loading. 

RF-systcms of the high energy synchrotron (or of the upgraded SIS) should enable 
the ion bcmn rdmnching. 
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Figure 10.1: Schematic layout of the optical clements in the main interaction region; 
D dipole, Q- quadrupole. 

The RF-voltage in the electron ring must be sufficient to compensate their syn­
chrotron radiation losses. As is seen form the Tables 2.2 - 2.4, in the high energy 
operational modes the required RF-voltages should be several MeV per turn, while 
the RF-system power should reach 4 MW. These parameters are close to the RF­
system demands for the future D-factories. Examples of relevant RF-systcrn designs 
can be found, for instance, in Refs.[l] and [2]. Definite precautions should also be 
taken to decrea~e the higher order modes impedances of the cavities. Designing of 
the RF -system for electron ring should take into account rather high cavity detuning 
in the low energy light ion operational modes. 

10.3 Technical Design Study of the Cooling De­
vice 

10.3.1 Cooling region solenoid 

As far as an employment of strong electron cooling is one of the main requirements for 
the high luminosity performance, the optical system of the cooling region must ensure 
small disturbances of both ion and electron motions. In Chapter 4 it was shown that 
the required damping times are feasible, if the strength of the solenoidal field will 
be close to 0.5 T. Since the angular divergence of the magnetic force lines simulate 
additional electron velocity spread, it must be sufficiently small. A typical angular· 
divergence in the ion beam Ffr.Jc;:,; c-' 3 x 10-6

, determines the required divergence 
of the magnetic force lines. Although such a level of the transverse magnetic field 
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Figure 10.2: Sketch of the first snpcrcondncting separating dipole inside the detector 
solenoid. 
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Figure 10.3: Sketch of the supcrcondueting quadrupole inside detector solenoid. 

in the cooling region is a tight, an installation with dose requirements was already 
manufactured in BINP for SIS ion synchrotron [63]. 

In this Chapter we discuss an employment of the traditional DG-current device 
for electron cooling of ion bunches in ENG [64]. The proposed recently scheme 
employing the bunched electron beam from a linac, or another source still demands 
additional study and testing. 

10.3.2 High voltage accelerator 

Configuration diagram of the proposed accelerator is shown in Fig. 10.4. Main 
elements of the accelerator are the following: a high-voltage rectifier, accelerating 
tubes, recuperation device rectifier. They are placed inside a tank filled with elegas 
under a pressure of 12 bar. For the accelerator with the energy higher than 7 MeV 
an additional electrode is supposed to be used to reduce its overall dimensions. Fig. 
10.5 shows a sectional view of the accelerating tubes and a high-voltage terminal. 
The tubes are located in a solenoid which creates magnetic field up to 0.1 T. Power 
consumed by the solenoid is 8 kW /m. The high-voltage rectifier and solenoid are 
transformer supplied. The recuperation rectifier, ion pumps with power supplies, 
injector control unit, collector cooling system are located in the high-voltage terminal. 
Power of the recuperation rectifier is 10 kW. 

Alternative designes of accelerators for an energy of 5, 7, 10, and 15 MeV were 
examined. Main par·ameters of the variants considered are presented in the Tal>l. 
10.1: 

The accelerator tank overall dimensions were determined meeting a condition of 
providing the electric strength. When choosing a configuration the following consid-
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Figure 10.4: Configuration of the accelerator. 

Table 10.1: Main parameters of accelerators. 
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Figure 10.5: A sectional view of the accelerating tubes and a high-voltage terminal. 
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erations were taken into account. In a case when the accelerator column ends with 
a sphere electrode, the electric field intensity at the electrode surface is determined 
from the relationE= 2UIT1 = 4UIT2 , where T1 and T2 are radiuses of inner and 
outer electmds, U is a voltage of a high-voltage gap. Hereinafter the equations for 
the electric field intensity are given 21t an optimal relation of the electrodes radiuses. 
In a case when a tandem auangcment is used, the high-voltage electrode is of a cylin­
der form, and the electric field intensity E = Ulr 1 = 2.718Uir2 . In the latter case, 
the tank radius is 1.47 times less ,1nd the area is 2.17 times less than in the variant 
with a sphere electrode. As fa.r as the accelerator lengths differs more than twice, 
the tank volume at the t21ndem arrangement is slightly smaller. Desides, in this case 
the rectifier and solenoid arc spaced apart through the length, it allows to provide 
their separate supplying and independence of energy and magnetic field adjustment. 

As the practice shows the long accelerating tubes operate reliably at an acceler­
ation rate no more than 1 MeV lm. The same gradient is close to a maximal one for 
a high-voltage cascade generator. So the accelerator total length is determined on 
this basis. The tank diameter is determined from a gas insulation electric strength 
of about 200 k VI cm. Presence of gaps between the high-voltage rectifier sections 
and accelerating column leads to 20 · 30 % increase of the maximal electric field in­
tensity as compared to the case with a smooth cilinder. Thus, the tank a.rrd column 
diameters should be drooscn meeting the condition of 150 - 160 k VI em intensity at 
a surface of the SIIMllcr cylinder. At a voltage of more than 7 MV it is advantageous 
to use an additional electrode at an intermediate potential. In this case the intensity 
is determined from the formulaE= 0.423U I R1 = l.917U I R2 , and it is 1.4 times less 
than that of the wu-iant without 21n electrode at the same outer radius. 

The following data were used to estimate the solenoid power consumption. The 
solenoid sectional view is shown in Fig. 10.6. Diameter of the accelerating tube in 

Power supply coil 
------

_( 

I-
I 
' 

I 

Cuppcr ring 

Figure 10.6: The solenoid sectional view. 

an outer edge of the electrodes is 220 llllll. Considering that <l potential difference 
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between the electrode and coil is up to 20 kV and that it is necessary to locate a 
shielding ring protecting the tube from an alternating magnetic field component, the 
coil inner diameter should be no less than 250 mm. The outer diameter is determined 
from the column dimensions, it is 425 mm. The section step is 40 mm, the coil height 
is 30 mm. To obtain the magnetic field of 0.1 Tit is necessary to provide 3200 A-turn 
for every coil. At a filling factor of 0. 7, the power in a coil will be 103 W at 20°C, 
and 136 W at a maximal operation temperature of 100°C. Considering losses in the 
shielding rings and rectifier, the power given off in the solenoid is 8 k W per meter 
(for two accelerating tubes). 

The solenoid is supposed to be cooled by an elegas flow. A diagram of the cooling 
system is presented in Fig. 10. 7. The output at lOoC heating of the gas should be 

Collector 
condenser 

Solenoid 

Figure 10.7: Cooling system of the solenoid. 

1500 m3 /hour for the 15 MeV accelerator. At the gas flow rate of 1.5 m/s, a convective 
heat transfer factor is about 80 W /(m2

·
0 C), this is enough for heat removing from 

the solenoid side surface. The collector is cooled by an additional cooling loop on 
the heat tube principle. 

When estimating the power consumption we took into account consumptions of 
the solenoid, recuperation rectifier, high-voltage rectifier and 85 % efficiency of the 
facility. 

The total view of cooling facility is presented at. Fig.10.8. 
These data are the estimation parameters, they should be improved at a more 

detailed consideration. 
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Chapter 11 

First Cost Estimations 

Preliminary cost estimation for ENC is given in Tables 11.1, 11.2 and 11.3. These 
costs include only technical equipment. The building costs have to be estimated 
separately. 

Table 11.1: First cost estimations for electron accelerators of ENC. 

Colliclder Ring ( 1.5 ··· 7.5 GeV) 

Special Equipment: 
Final focusing systems 
Spin Rotators 
Emittance Control 

Injector synchrotron (2 GcV) 

Injectror linac ( 540 MeV) 

Total 

200 MDM 

35 MDM 

20 MDlVI 

10 MDM 

265 MDM 
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Table 11.2: First cost estimations for proton/ion accelerators of ENC. 

---------r·------- ----- -) 
Collidder R.ing \15 - 30 Ge V 
Either NC-Magnets, or 
Low field SC-Magnets 

Electron Cooler (15 MeV, 1 A) 

Special Equipment: 
Final focusing systems 
Spin Rotators 
Emittance Control 

Injector synchrotron 
According to estimations of WG 
VII 

Total 

200 MDM 

60 MDlVI 

35 MDM 

344 MDM 

639 MDlVI 

Table 11.3: Totals from Tables 11.1 and 11.2. 

Electron accelerators 265 
Proton/ion accelerators 639 
tOTAL cost -- - ----904 

MDM 
MDM 
MDlVI 



Chapter 12 

Time Schedule 

As it was shown in previous Chapters, a creation if the electron-nucleon collider 
for the energy range vs = 10--;- 30 GeV /u and with the luminosity 10"3 l/[cm2s] 
is feasible provided that electron cooling device will ensure the required small ion 
beam emittances. A possibility to reach necessary damping times was demonstrated 
in the experiments at the installations NAP-M and MODSOL (BINP) as well as at 
other electron cooling storage rings in US and in the Western Europe. However, an 
extrapolation of data obtained in the energy range of hundred MeV to that of several 
tens of GeV still leaves some concern. For that reason, the experiments on ion and 
proton cooling in a range of 1-5 Ge V could be very useful. In our opinion, one should 
move in this direction by two ways. 

The first way is the creation of the electron cooling device with an electron energy 
of 2 MeV. The principal feasibility to obtain the electron source with an energy of 1 
MeV and 1A current with the recuperation of electron energy was demonstrated at 
INP in 1988, that is why going from 1 MeV energy to 2 MeV energy is an ordinary 
design problem requiring the proper qualification of designers. 

The untrivial part of this work is the provision of electron beam magnetizing 
mode and of magnetic line collinear·ity at a cooling section with an accuracy better 
than 3 - 5 x 10-6

• With the availability of finances (a rough price of the 2 MeV 
installation with a 3 m long cooling section is 7-8 MDM) INP can create such the 
installation in a period of 2.5 year·s. The experiments on cooling could be carried out 
at the synchrotron SIS in Darmstadt. With the SIS extracted bearn intensity, such 
measurements could also be useful to prove the ion beam intensity limitations on the 
electron cooling performance. 

The second way is the creation of the bunched beant electron cooling device based 
on a longwavelength linear accelerator. This variant requires a detailed theoretical 
comprehension taking no less than a year. If it turns out that there ar·e no principal 
limitations, it will be possible to create the prototype with an electron energy of 2 
MeV and carry out the experiments also at the synchrotron SIS in a matter of 3 
year·s. 

Both for the first and the second cases the result of the model experiment c.an 
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be reached in 2001-2002 years, after which it is possible to manufacture a full-scale 
version of the electron cooler. 

If the decision to realize the electron-ion collider is taken in 2002, under the proper 
financing the Project ENC can be completed by 2007. 



Appendix A 

A.l To the Calculation of the Luminosity 

Equation (2.1) calculated using a general definition of the luminosity in the following 
form 

L = 2cnb/0 j dxdzdsdtp,(x, z, s + ct)pc(x, z, s- ct). (A.l) 

Here, x, z are transverse and s is the longitudinal coordinate of a particle, nb is the 
number of the colliding bunches, fo is the revolution frequency. For the sake of 
simplicity, we neglect the deviation of the particle velocities from the speed of light 
(c). We take Gaussian distributions in colliding bunches so that 

2 2 s ( 2) o-_j_(s)=o-_j_ 1+/32 . (A.2) 

Here, o-1_ and ,6 are the rms bunch radius and f)-function at the interaction point. We 
also assume that the bunches have round cross sections at the interaction point and 
equal f)-functions for ions and electrons. TI:ansverse emittances for these particles 
(and bunch radii of the colliding ion and electron bunches) still can be different. 
Then, the integral over transverse coordinates (x, z) reads 
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Substituting h(s) in Eq.(A.1), we obtain 

L = ( 
., ( )2) . s- + et 

nb]o j d8d(2ct)h(8) exp --- 2- --
!T, 

_ nbfoiV,_Nc_ -1= __ ds__ -1= ~(ct) exrJ (-82 
+ (ct)

2
) 

(? ) ( 2 ') ) 1 2j(32 ' 2 .... ,7[ ()" _l_c + CJ]_i -oo + 8 -oo 7r (J"s 

nbfoN,N, r= d8 exp( -82 /2o},) 
(27r)(o_i, + o_i,) 1-oo Jir 1 + s2/fJ2 · 

If we multiply L by the ion atomic number A (to calculate the electron - nucleon 
luminosity), define ( = o8/~) and 

AnbfoN;N, Lo = --- -- -- --- --- -
(27r)(o-ic + o-1,)' 

we arrive to Eq.(2.1): ., 
2 /= dse-s 

L = Lo )i Jo 1 +(2si· 

If we take o-1_, = o-1_;, L0 decreases by the factor of 2. If we C<lll decrease o-1_; to have 
o-1_, » o-1_; without decrease in the bunch intensities (N,, Nc), we gain this factor 2 
back. 



Appendix B 

B.l Calculation of the Beam-Beam Kick 

The perturbation of the betatron oscillations of a particle, when it moves across the 
interaction point, is described by the following equation 

dpj_ 1 
-d · = F j_ = e1(E + -[v1 x H])l-. (B.l) 

t c 

Here, e1 is the charge of a particle from the bunch 1, v 1 is its velocity, E and H ar·e the 
electric and magnetic fields of the counter-moving bunch 2 and cis the speed of light. 
The beam-bean1 instability occurs due to the perturbations from the quasistatic fields 
of the counter-moving bunch. For relativistic energies ( 7 » 1) these quasistatic fields 
of a bunch arc almost transverse relative to its average velocity. If v 2 is the average 
velocity of the bunch 2, we write 

v2 
H = [- x E], 

c 

so that 

F 

and (v1 = -v2), for example 

(B.2) 
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where Ao = A0 (r_t, s + v2t) is the scalar potential of the field Ez. 
obeys the following equation (y = s + v2t) 

( 
1 ()2 ) 

Ll-t + 2 "--:; A0 = -47rep(r-t, y), 
I v;tr 

The function A0 

(B.3) 

where p is the density of the counter-moving bunch. Since p(r-t, y) is a periodic 
function of s 

(B.4) 
n=-x-

we shall find the solution of Eq. (B.3) in the form 

n 

Then, the amplitudes An(r-t) satisfy the equation 

(B.5) 

Taking into account. th<rt 
A ., /12 

u -LAo ex k:jAo > Ao -L , 

where 1-t is the typical transverse size of the vacuum chamber at the IP, for the 
harmonics In/ :<: rRo/1-t the second term in the left-hand side in Eq.(B.5) is negligible 
small as companed to the first one and, thus, can be omitted. As shall be seen below, 
the main contribution to the bunch fields yields the region k1.a ::0: 1 (a is the bunch 
radius), where we can neglect the effect of the walls of the vacuum chamber on the 
bunch fields ,md, therefore, where we can write 

(B.6) 

(B.7) 

If we also write p(r-t, y) = p(r-t)A(y), where >.(y) is the linear density of the bunch, 
we can rewrite Eq. (13.6) in the final form 

(B.S) 

In order to calculate the transverse beam-beam kick in the linear approximation 
we take 
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so that 

and use the expansion 

Then, we write 

Substituting this expression in Eq.(B.2), we obtain 

(B.9) 

N 2 '( ) J dk,dkz 2 ( k~(J: + k;(J;) 
i'Vz = 2 2 Ze A 8 + Vzt ~hci kx exp --· · · 

2
-- · 

The integrals in this expression can be calculated using, for example, the substitution 

1 ~o= d -sk2 

/;
,:i = se ~, 
•j_ 0 

which yields 

(B.lO) 

where 

Now, we have to calculate 
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Hence, we obtain 

(B.ll) 

and 

(B.l2) 

B.2 Coulomb Tune Shifts 

Let us, for example, calculate the tune sift of the horizontal ion betatron oscillations 
due to the ion bunch space charge in the first approximation of the perturbation 
theory. We write 

(B.l3) 

Using that for relativistic ions(;,» 1, vi"' c) F~i) = ZeE,.x/(;frl.), where ri = 
r 2 + z2 and E,. is the radial component of the electric field of the ion bunch, we 
rewrite Eq. (D.l3) in the following form 

1'-.v, = _2f!c:2 /n ds /"n d~,.,d~z ~T ~ZeE,.(rl.,s =d). 
p;Cf; Jo II Jo (21T) 8.1, 7 

(B.l4) 

For the bunch with a round cross st,ction we have 

or 

Here, 

(B.l6) 
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is the Laslett tune shift, and 

[II ds 13x(s) [2
w d'I/Jxd'I/Jz 2 ) [

1 
( rl) 

Q, = 2 Jo IT ((J//E) Jo (Z7r)2 cos (1/!x Jo dtexp ~t2(Jf . (B.17) 

If the modulations of the ,13-functions along the closed orbit are not very deep, we 
can replace in integrands in Eq. (B.17) the expressions f3x,zE/ (JT for 1. That results in 
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C.l IBS Diffusion Coefficients 

The blow-up of the bunch ernittances due to intrabeam scattering (IBS) is described 
by the Landau kinetic equation 

(C.l) 

Here, N is the number of pmticles in the bunch, f(p, r, t) is the distribution function 
of the bunch, w,4 J(-u.) is the collision tensor, u is the relative velocity of the colliding 
pmticles and we use a convention that n•peatcd subscripts mean the summation: 

We assume that without collisions the bunch distribution function is a Gaussim1 

(C.2) 

Here, Ere (a= :r;, ::, s) me the bunch emittances, I,= pJ"/2 are the action-variables 
of the unperturbed oscillations 

(C.3) 

the values ,d.,,z ,u·e the ,d functions of betatron oscillations, ,6' = df)/ds (sis the path 
along the orbit), cb and !:;.pfp describe the synchrotron oscillations of ions, vs is the 
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synchrotron tune, 1) = 1/J2
- 1/J'fr, II = 21rR0 is the perimeter of the orbit. For 

synchrotron oscillations we also shall use Es = u8 5, where Us is the r.m.s. bunch length 
and 5 is the r.m.s. relative momentum spread of the bunch. The bunch distribution 
function in Eq. ( C.2) is normalized according to 

(C.4) 

Let us find, for example, the equation describing the variation of the vertical 
emittance of the bunch 

1 J ' E =-dflj z 2 z . 

Using Eq.(C.1), we obtain 

dE< 1 J 3 • 3 3, i}Jz ( iJ h iJ JI ) 
-dt = 2 d 1 d Pr d P2 iJpz WziJ fi iJp;{, - 7Jp~fi h · (C.5) 

According to Eqs (C.2) and (C.3) we can write 

1 1 1 
-ln f = 2AaiJPaP!l + 2Ba!lPaTiJ + 2C,!lrar!l 

and, therefore, 

(C.6) 

Using also 

~:~ = 

2~~ ( ~ - tiz z) ' 
we rewrite Eq. ( C.5) in the following form 

q = Pr- P2· (C.7) 

The calculation of these integ;rals is simplified substituting p 1 = P + q/2 and p 2 = 
P- q/2, when hh ex exp[-:E(P, r)- Q(q)] and 

Q 

Ez(s) 

AaiJP,xP!l + Ba!lPaTjl + c,iJTaTjl 
1 
4 Aafiqaqjl, (C.8) 

(C.9) 

(C.lO) 
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Now, we note that exp( -L:) oc exp[-(s- d)" /(2a-_;)]. For that reason, the variation 
of Ez during the rotation period T0 = II/ c is equal to 

which yields the average g;rowth rate of Ez in the following form 

Since the function f-"L /(8rr3p\JzE,) is exactly equal to f( /2p,../2r,/2t), we find 

and 

(C.ll) 

To calculate Ez ( s) we note that 

Hence, 

(C.12) 

The integral over q is calculated in the rest frame system of the bunch, where (Ze 
is the ion chaxge) 

(C.l3) 

(C.l4) 

Substit.uting this expression in Eq. ( C.l2), we obtain 
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or, using d3 fJ = fJ 2dfJdrJ, n" = fJ,/fJ, exp( -Q) = exp(-fJ2a"iln"niJ/4) and 

r= dfJfJ exp (-e2 ac>f)no}l-f)) = _2_, 
Jo 4 aai3nonf3 

we finally find (p = A-y M c, A is the ion atomic number and M is the proton mass) 

Here, 

•) e-
1p- -M--z· c 

(C-15) 

(C-16) 

The matrix a"13 in this equation is obtained from Eqs(C-3). In the rest frame system 
of the beam it reads 

where 

,6z 
az= --, 

Ez 

a = ,6x 
X ) 

Ea: ( 
2 ) l D" 2 1 a_,=- -(0 + f3xif> + -,2· 

Ex , Jx U 

SimilaJ: calculations result in (n_, = fJs/fJ) 

and in 

d f
r l1 d [ ( 2 ) ] 

Ex _ \. S > /"\2 Dx 2 -dt- -- / II- ,6,(s)Gx(s) + y -0 - + f3xif> Gs(s) + 2G,_,(s) , 
f:-cEzE8 Jo tJ:c 

where 

(C.18) 

(C.19) 

(C.20) 

(C.21) 



174 

Using Eqs (C.l5) (C.20) we can, for example, directly calculate the growth rate 
of the total phase space volume of the bunch 

i\ = ld~, + 1 dEz + _J._ d6
2 

f" dt Ez dt 62 dt 

Since 

Gz 1 [ ) (D;. . 2) ( ) )] Gs - + --.. - G . (s + -- + U 1> G s + 2G . (s + -:~, (J , .c s :1.s , r 2 Ez fr ,,Jx U 

·d"' (" ' 2) (" . 2) "' ~2 (" 2) j !'!lz 1- 3nz +a" 1- 3n,, + 2_a"'"'n",ns + y !ls 1- n, 
--- ----- ---- ----- ----- ------ ------ ------ ---- ------·--- --
4x aasncxn~i 

J ~~- ~~~;;:;13 -3' 

we find 

(C.22) 

C.2 Calculation of G(s) 

As we told the function G(s) in Eq.(5.9) can be expressed in terms of the elliptic 
integrals. If, for cx,unple, we have 
1. q+ > q_ > !lz, tlwn a substitution 

transforms this intcg;ral into the following 

G(s) = [af~q+ ~.2-=--lF((f),, k1l- 3, 
v q_(q+- az) 

where F( \'), k) is the elliptic integral of tht• first kind: 

and 

/
.. --

. - az 
(fJ 1 = CUTSlll 1 - --- , 

v r}+ 

k2- q+(q_ ..... _ll_z_) 
1 - q_(q+- az). 

Two others possibilities arc given by the following expressions 

(C.23) 

(C.24) 



C.3 IBS Integrals 

G(s) = [az +q+ !q_] [K(k2)- F G- ipr,kz)]- 3, 

Vaz(q+ q_) 

where K(k) = F(1r /2, k) is the complete elliptic integral of the first kind and 

where 

C.3 IBS Integrals 
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(C.25) 

(C.26) 

(C.27) 

Let us calculate the integrals in Eqs ( C.15) through ( C.20). For example, to find 

an analytic expression for the form factor Gz in Eq.(C.15) we have to calculate the 

integral 

(C.28) 

We choose as the polar axes nz, so that nz = cos(B), n, = sinBcosip, n, = sinl!sin1p 

and substitute in Eq.(C.28) cosB = u. Then, we can write 

Gz { dv(l- 3u2)Iz(tt), (C.29) 

Iz(n) lK aztt2 +(i -=-tt2)[a,,cos24?:~~~;sin2 ip -=2,<Pa_,Sl!l(J?COS;pf.C.30) 

Using here cos2 1p = (1 + cos2~p)/2, sin2 1p = (1- cos2~p)/2 and a±= (a,± r 2 a,)/2, 

we transform I z to the following form 

or 
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(C.31) 

where 

Now, the function Iz(u) is reduced to the integml 

After simple tmnsformations that rcsult.s in 

(C.32) 

where 

If± = ll+ ± {(1:2_ + (~1>~,)2 (C.33) 

are the eigenvalues of the matrix 

[ 
lh 

a"' = -!<!'>!l"' 

Substituting/" in Eq.(C.29) we obtain 

Gz = l:z f duV~+~ {IJ+~---~~:2]3[~~- (y_ -1)u2]' (C.34) 

In gencml case, such an intcgTal is expressed in terms of the elliptic integrals. If, for 
example, :If+ > 1 and .If- > 1, simple tmnsfonnations yield 

(iz = (C.35) 

Here, 
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r.p0 = arcsin JY+y: \ 

Similarly, we write 

Here, 

k2 Y+ Y- -1 
=--X-----. 

Y- Y+ -1 
(C.36) 

(C.38) 

These integrals expressed in terms of the elliptic integral of the second kind. If, for 
example, Y+ > 1 andY- > 1, we find 

where 

. JY±- 1 'P± = arcsm -- -, 
Y± 

(C.39) 

(C.40) 

As far as we know similar expression for the sum of increments (A), a direct calcu­
lation of G,, is not necessary. 
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