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ABSTRACT 

ISR performance limits are explained in simple terms and the possible options for 
improvement are discussed. The number of polarized protons, antiprotons and deuterons, 
which one can reasonably expect to store in a ring of the ISR, is derived and the lumin
osity obtainable by colliding them with protons in the other ring is estimated. 
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1. INTRODUCTION 
This series of lectures is addressed to people who are interested in the performance 

of the ISR and in the properties of its beams. No specialized knowledge in the field of 
accelerators is prerequisite. The goal is to explain the functioning and the present per
formance in simple terms in order that principles rather than details become apparent. No 
historical analysis of the choice of layout or design Ĵ is made. A detailed description 
of the present ISR may be found elsewhere 2 ) f and the evolution of the ISR performance has 
been described exhaustively in contributions to various accelerator conferences 3 ) # 

In the succeeding two chapters, two of the basic ISR parameters, the energy and 
luminosity, are discussed and some comparisons with other types of accelerators are made. 
The equation for the luminosity is derived and its numerical value is calculated. For this 
purpose two possible modes of stacking are discussed. The dependence of luminosity on 
momentum and time is also discussed and the properties of beams in the intersection regions 
are analysed. 

In chapter 4 the various performance limitations of the ISR are explained in detail. 
Chapter 5 describes the techniques developed in order to overcome these limitations and the 
final chapter is concerned with the storage of polarized protons, antiprotons, and deuterons 
in the ISR. Evaluation of the luminosities attainable with these beams is made by assuming 
that the beams will collide with intense proton beams. 

2. ENERGY 
In a colliding beam device the total energy E Q ^ which is available in the centre-of-

mass system (CM) of the two colliding particles is simply the sum of the total energies Ej 
of each collision partner 

ECM = 2Ei (1.1) 

We assume particles of the same mass having the same but opposite speed. Thus all the 
energy which was invested in the acceleration of these two particles becomes available in 
the CM for reactions or creation of new particles or states. Since the CM is at rest in 
the laboratory frame, no energy is wasted in the form of CM-motion. 

Consider now a conventional accelerator where a particle with total energy Ej impinges 
upon one of the same mass at rest in the target. The energy available in the CM-system is 
given by J 

ECM = mc2 /T /JL+ 1 (1.2) 
V mc 2 

where mc 2 is the rest energy of the particles. In this case the CM is moving and absorbs 
a large fraction of the available energy. Fig. 2.1 shows a plot of EQ V[/E 1 versus Ej. It 
is apparent that the ratio becomes rather unfavourable at higher energies. Thus an 



- 2 -

accelerator must operate at a very high energy to achieve the same EQ/[ as a storage ring. 
This is illustrated by Table I where ETJM is given for the ISR standard momenta. This table 
also gives the energy E x of a conventional accelerator which would be necessary to achieve 
the same IÇM- In the ISR, due to the non-zero crossing angle some energy is converted into 
a transverse motion of the CM. In practice this means a reduction of ̂  \% in the available 
E Q I for the crossing angle employed. 

Table I 
Comparison of energies 

p ECM Ei 
GeV/c GeV GeV 
11.76 23.32 289 
15.37 30.49 495 
22.51 44.64 1061 
26.59 52.74 1481 
31.44 62.36 2072 

Table I indicates that the ISR overlaps with the ENAL 300-500 GeV accelerator; this is 
welcome for cross-checks of high energy physics experiments. 

10 1ÔO 1000 
Total energy of the proton 

10 OO0 GeV 

Fig. 2.1 Fraction of the total energy available in a proton-
proton collision versus the energy of the incident 
proton hitting a stationary one. 
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Fig. 2.2 gives the locus of various machines in the EQJ, EJ diagram. The ones not yet 

in operation or still in planning stage are denoted by open circles. It may be seen that 

the ISR has extended the accessible energy range significantly. This extension was even 

more, significant in the early running days of the ISR since at that time FNAL was not in 

operation. 

Ecu CGeV) 

10* 

10* 

102 

K) 1 

101 10 2 10 s * ) 4 10 5 E,(G«V) 

Fig. 2.2 Centre of mass energy versus equivalent 
or primary proton energy. 

3. LUMINOSITY 

3.1 The formula 

For high energy physics experiments another significant parameter is the available 

counting rate which can be defined as the number of collisions per unit time which lead to 

a certain reaction or final state. In the case of colliding beams, this rate may be cal

culated from the geometry of the beams, their density, their energy, and their crossing 

angle. 

First consider a beam of 1 cm 2 cross-section hitting some stationary slab of matter 

(Fig. 3.1). Let the number densities be n! and n 2. The particles in the beam have 

velocity vx• The number of reactions will be proportional to the number of particles 

which arrive per unit time niVj and to the number of particles n 2£ which the beam can en

counter during the transversal. Hence 

dN 
^ = afnivj n2l (3.1) 

The constant of proportionality a is called the cross-section of the interaction since 

i t s dimension is ( length) 2 . I t s value depends on the type of interaction and therefore 

is only defined for the type of interaction under study. 

• 

LSR s 

- ^^Û BELLE 

-

PS t#: 

3 ^ 
J J j ^ 

.** Jk* HJKHUV 
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Fig. 3.1 Interaction of a beam with a target. 

The number of interactions per traversal of a single particle is 

= a m & (3.2) 

Consider now the geometry of an intersection region of the ISR where the two beams collide 

at an angle a. Fig. 3.2 shows a plan view. Since the target is moving, the situation is 

more complicated 5). Consider a single particle Q traversing the other beam which has the 

form of a flat ribbon of height h and width w. The number of particles encountered per 

traversal must be the same for all observers. According to Eq. (3.2) it is proportional to 

the density times the length of transversal. We choose to observe the traversal from the 

CM (point 0) of particle Q and P 1. Due to the finite crossing angle the CM will have moved 

to 0' at the end of the traversal with a speed v 0 = v sin -* where v is the velocity of the 

protons. Due to the Lorentz contraction of unit volume the density of beam 2 appears to be 
i 

smaller by Yo = [1 - (vo/c) ] ~ z in the CM-system compared to the lab-system. The effective 

length of the traversal is L = w/sin -~ in the CM since all particles between P and P' can 

be encountered. Using Eq. (3.2) 

a —- L = a n 2 

Yo 
w 

tg 

for v = c. 

By multiplying by the total number of particles per second (ni v x w h) which traverse 

beam 2, one gets for the rate 

dN v «-̂  ou -i 
j = o ni n 2 ïi w 2 h (tg y) 

Expressing the density n in terms of beam current I 

I n = r— e w h v 

yields for v = c 



- 5 -

Normalization by the cross-section gives a quantity called luminosity L 

T _ 1 dN _ 1 l* Tz ,, 
a dt c e , . a h t g J 

which is the counting rate for unit cross-section. Equation (3.4) indicates that the 
luminosity is dependent on the beam height but independent of the beam width. This is a 
consequence of crossing in the horizontal plane. 

CUT A-A 

Fig. 3.2 Interaction of two beams. 

3.2 Numerical value of the ISR luminosity 
Assume that we know nothing about present performance of the ISR. What numerical 

value for the luminosity can we expect, given the layout? Obviously, the beam height h and 
the currents must be estimated. This necessitates first a closer look at the layout '. 

A plan view of the ISR is sketched in Fig. 3.3. It consists of two concentric, hori
zontal rings which intersect in eight points where the two counter-rotating beams collide. 
The dashed lines represent the two transfer channels which connect the ISR to its injector, 
the CERN proton synchrotron (PS). In the usual operation the beam is fast ejected from the 
PS, injected into one of the ISR rings and accumulated by successively stacking each in
jected pulse. This process is continued until the available, horizontal aperture is filled. 
The beams are left circulating for as long as is convenient. Notice that the beams collide 
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already during stacking of the other ring. Since the loss due to the collisions is negli
gible it is not necessary to separate the beams during accumulation as is done in electron-
positron rings. Nevertheless, data taking is not possible during stacking because of the 
high background conditions produced by the beam losses which occur during the injection 
and stacking procedure. 

Fig. 3.3 Schematic ISR layout. 

One aspect of the ISR geometry is that the CM of the colliding protons moves outwards 
in four intersection points and inwards in the remaining ones. Since the magnet lattice 
leaves more space around the intersection points in the inner arcs than in the outer arcs, 
the crossings with inwards moving CM are preferred by the experimenters. These crossings 
are in the even numbered intersections. 

3.2.1 Crossing angle 

A small crossing angle gives higher luminosity but leaves less space for experimental 
apparatus between the rings. After a detailed study "•' the crossing angle was fixed at 
14.77°. Note that experimental magnets may change this angle slightly. 

3.2.2 Beam height 

The beam height is determined by the focusing and the emittance of the beam. The 
focusing power of the ring is measured by the number of transverse oscillation Q which the 
particle performs per revolution around its equilibrium orbit. These oscillations are 
called betatron oscillations and may be described approximately by a harmonic oscillation 
equation, provided the focusing does not vary too much around the circumference. For the 
vertical plane 

z = a sin(Q-§ + *) (3.5a) 

thus 

!' = ë = - Ë R S c 0 S « t + *) (3-5b) 



Fig. 3.4 Phase plane of betatron motion. 

The independent variable s is the co-ordinate along the orbit, which has a total length of 
2irR. The locus of the motion in the z, z1-plane is an ellipse as shown in Fig. 3.4. 
Suppose that all particles have an amplitude a equal or less than a z and that the distrib
ution is uniform. Then the ellipse corresponding to a z will enclose all other trajectories. 
It can be shown that the area occupied by the beam in the z, z'-phase plane remains constant 
regardless of what focusing is applied and provided longitudinal momentum of the beam re
mains unchanged ?). The area is a beam characteristic and is called the emittance E. 

E zmax x z max 
a z

2 Q 
ir = — • = — T R (3.6) 

Since transfer from one accelerator to another does not change its value, the emittance is 
determined by the PS, the ISR injector. Hence the beam radius is determined by its 
emittance and Q-value. From Eq. (3.6) 

az V IT (3.7) 

For E = 0.5 x 10 6TT rad m 

we get 

QlSR s 8.7 

R = 150 m 

2a z = 6 mm 

To obtain this value it was initially assumed that the focusing over the whole cir
cumference was constant. This is not strictly true since the wavelength Ag of the 
oscillation varies as a function of the asimuth, i.e. 

T - 2TTR (3.8a) 
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used in the formulae before should be replaced by 

Ag(s) = 2TT g(s) (3.8b) 

where $(s) is called the betatron function and is determined by the detailed layout of the 
structure. Thus (3.7) becomes 

V if „ to 
and therefore 

••*£ M C3-9) 

where 3vl is the vertical $-function in the intersection. Its numerical value in the ISR 
is 14 m. Using the latter value in Eq. (3.9) yields an effective height of 5.3 mm. 

3.2.3 Beam current 

The number of protons one can accumulate is restricted by the available aperture and 
the density of the injected beam. In Fig. 3.5 the cross-section of the vacuum chamber in 
the magnet gap is sketched. In order to produce a highly uniform magnetic field, the dis
tance between the pole pieces should be smaller than their width. This leads to a flat 
chamber and, consequently, to stacking in the horizontal plane. The area available for 
stacking accumulation is shaded in Fig. 3.5. On the inside of the chamber some space is 
left for injection. 

vacuum chamber 
magnetic 
field 

Fig. 3.5 Cross-sec t ion of the ISR beam-pipe 
in the magnet gap. 

In principle the complete six-dimensional phase hyper-volume in x , x ' ; z , z ' ; - ^ , t i s 
available for accumulation. We have to find the easiest and most efficient way to f i l l a l l 
or part of i t . The different poss ib i l i t i es wil l be i l lus t ra ted in the two-dimensional 
projections of the six-dimensional phase space. 

i ) Betatron stacking 

In th is case we discuss the poss ibi l i ty of f i l l i ng the betatron phase space ^. We 
consider the horizontal phase plane x ,x ' primarily due to the fact that i t has a 
larger area than the vert ical plane. Of course, stacking in the vert ical plane would 
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also give an undesired increase in h eff. Fig. 3.6 shows how the pulses should be 

arranged in the phase plane by an ideal injection scheme. 

Fig. 3.6 Horizontal phase plane after betatron stacking. 

We use ordinate x' Q instead of x', which has the advantage that the betatron motion 

becomes a circle in this plane according to (3.5). The maximum number of pulses Ng 

which can be accumulated in an emittance E t o t is 

Etot _ (w/2)' 
(3.10) 

The factor n < 1 describes the efficiency of the process. With w = 60 mm and 

a x = 3 mm one gets Ng = lOOn. Since one PS-pulse gives a circulating d.c. current of 

around 80 mA in the ISR, a current of n 8 A could be stacked. Finally, we may con

sider how these pulses are distributed in the -*- , x space. The momentum bite is de

termined by the horizontal aperture because the position of the closed orbit XQ and 

the momentum are linked by a linear relationship 

. = JL â£_ Ap_ 
*C Y t 2 p «p p 

(3.11) 

where y t is approximately equal to the horizontal Q-value. More accurately, Yt i-s 

related to the local focusing properties and is therefore a function of the azimuth 

position. The same applies, of course, for ou called the momentum compaction function. 

Hence two particles having slightly different momenta will have closed orbits 

separated by a distance given by (3.11). The particle with the higher momentum will 

have a longer closed orbit and will circulate closer to the outside wall of the vacuum 

chamber. In the following we use the average Op for the ISR which is around 2 m. 

Thus for a horizontal aperture 

20 < Xc < + 40 mm 
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we get by virtue of (3.11) 

!%<&< + 21 
P 

These boundaries are shown by the dots in Fig. 3.7. The dashed line, the locus of the 
closed orbit, is given by (3.11). The shaded area (not to scale) is occupied by the 
beam after betatron stacking. Of course, all the pulses have the same longitudinal 
momentum. Since their momentum spread -^ is small, of the order of 10"1*, only a 
fraction of the available space is occupied. 

Fig. 3.7 Horizontal betatron stacking. 

ii) RF stacking 
Acceleration of each individual pulse after injection by the appropriate amount leads 
to the distribution sketched in Fig. 3.8. All pulses have the same distribution of 
betatron amplitudes. Since in this case acceleration is performed by a radio-
frequency system, it is called RF stacking 9^. A brief description of this mode of 
stacking is presented below. 

Fig. 3.8 RF stacking. 

Consider the particle distribution in the -*- , t phase plane shown in Fig. 3.9 after 
the injection of a pulse. Each pulse fills only 2/3 of the ISR circumference, since 
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the PS circumference is only 2/3 that of the ISR. A pulse normally consists of 
20 bunches. The area available for stacking is shaded in the diagram. The maximum 
number of pulses which can be stacked is equal to the ratio of the total area to the 
area occupied by the 20 bunches. However, since -*- , t are not canonically conjugated, 
the beam density expressed in these units will not remain invariant under acceleration. 
For this reason we choose to change variables such that the momentum spread is ex
pressed by —" where m is the rest mass of the proton, and the time is measured in 
terms of RF radians <j>£p = 2tr fĵ p t. Another possible set of canonically conjugated 
variables would be energy and time. 

Fig. 3.9 RF stacking in the phase plane. 

Then the number of pulses which can be stacked becomes 

M AtOt 
NRF = 2 0 n (3.12) 

where 

and 

Atot = total area 

A = area occupied by one bunch 

Both areas are expressed in terms of -*- , d>nT,. c mc ' RF 
unity describes the efficiency of the stacking process 

The factor n which is smaller than 

The ISR RF system operates at the same harmonic as the PS RF system. Since the ISR 
circumference is 1.5 times longer than the PS circumference, 30 full RF oscillations 
correspond to the revolution time in the ISR and therefore the length of the stacking 
area will be A<|>RP = 30 x 2TT. 

The other dimension is given by the maximum momentum bite (Ap/p)m which the stack can 
occupy. According to (3.11) this is determined by the horizontal aperture reserved 
for the stack. Hence 
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A t o t = 30 x 2 ^ £ (3.13) 
and 

30 x 2* (&\ iL V p / mc 
NRF = ^ — n (3.14) 

For (Ap/p) m = Z% and A = 7 mrad 1 0 ) one gets Nj^ = 1150n (at p = 26 GeV/c). This is 
substantially more than can be obtained by horizontal betatron stacking. RF stacking 
is also easier to implement since betatron stacking requires an elaborate injection 
scheme and has a low efficiency n due to technical constraints. Stacking in the 
betatron space also produces large betatron oscillation which may give rise to an in
crease in beam height through a small, unavoidable amount of coupling. 

Multiplying the number of pulses N^p by the current per pulse I» gives a maximum 
available current 

1 • ( £ ) (f ), fe) - " < 3 - 1 5 ' 
The first term is proportional to the density of a PS bunch in the Ap/mc, <!>RF space. 
The second term is determined by the horizontal aperture. The third term indicates 
that the final current is proportional to momentum. This is a consequence of these 
particular units we use which make the total area increase with momentum as indicated 
by Eq. (3.13). 
For p = 26.6 GeV/c (the maximum momentum at which the PS operates), I = 80 mA and 
n = 1/3, a value I = 30 A is obtained. The advent of the PS booster provides for 
higher ratios of Ip/A which should yield currents in excess of this 30 A value. As 
will be seen later, such high currents are at present incompatible with the ISR vacuum 
system and can therefore not be stored. 

iii) Combined RF and betatron stacking 
Inspection of Fig. 3.8 suggests that the remaining space may be filled by betatron 
stacking. Indeed such a scheme has been considered as a means of achieving very high 
currents •*•!). The corresponding, schematic representation in the x, Ap/p space is 
given in Fig. 3.10. At highest and lowest momenta only one pulse is deposited by the 
RF. In between betatron stacking is applied on top of RF stacking. Thus the hori
zontal aperture is utilized fully for every momentum. 

However, as long as the vacuum system cannot even cope with the current attainable 
by RF stacking of the boosted current from the PS, combined RF and betatron stacking 
are only of academic interest. 



- 13 -

Fig. 3.10 RF stacking combined with betatron stacking. 

We have now worked out the current and the beam height. Thus the luminosity can be 
calculated using (3.4). We get with I = 30 A and h = 5.3 mm 

L = 1.0027 x 1 0 2 9 l!_IM = l m 7 x 1 03i cm-* s-i h [mm] (3.16) 

If the currents in the two rings are different, the factor I 2 has to be replaced by 
Ij x i 2. The total cross-section crt at this energy is about 40 x 10" 2 7 cm 2. Hence 
the total available counting rate per intersection becomes 

f = ot L = 106 s"1 

dt z 

if all events are counted. For comparison this number may be related to the number of 
collisions obtained when a pulse ejected from the PS impinges on a 10 cm long copper 
target. If the pulse consists of a "normal" intensity of 1.6 x io 1 2 particles, we 
get, using (3.1) 

dN 
dt rep 

°t ncu «- = 6 x 1 0 1 0 s - 1 

by assuming a PS repetition rate T r ep of 5 s. Comparison shows that the counting 
rate in the ISR is indeed relatively low. This is one of the most serious drawbacks 
of colliding beam machines. 

3.3 Luminosity as a function of momentum 

The stored current and the effective beam height depend on momentum. The current is 
simply proportional to momentum according to (3.15). 

In order to calculate the correct scaling for the beam height h = 2a z we consider the 
transverse energy of a particle performing betatron oscillations ^ '. Since the transverse 
energy is not affected by longitudinal acceleration it must be constant. Expressing it by 
the transverse kinetic energy yields 
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mO'max) =»(¥y constant 

where we used (3.5b) to replace z'. For m ^ p/v and v = c one gets 

a z % p-1 

and by virtue of (3.6) for the emittance 

E <\> p _ 1 

Introducing these scaling laws into (3.4) gives 

L <\, I2/h <\, p
% 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

Equation (3.20) shows the available luminosity to be strongly dependent on the beam 
momenta. Table II illustrates this dependence. The second column was calculated according 
to (3.20). The third column presents the measured values which indicate somewhat lower 
luminosities than expected from (3.20). One may argue that it is caused by the reduction 
of available momentum bite for stacking due to the increased horizontal size of the first 
and last pulse stacked. The horizontal beam size scales obviously like the vertical size. 
Thus an additional term appears in (3.20) of the form 

26.6 UlVnax " 2 yj — &hmax lARniax Y ~ fyimax J (3.21) 

which equals 

("-••«,/¥) 
for a horizontal aperture kR^sx = 70 mm and a horizontal emittance E^ = 2ir x io~ 6 rad m at 
p = 26.6 GeV/c. Multiplying the second column with this term yields the values given in 
the fourth column being in satisfactory agreement with the measured values. 

Table II 
Luminosity versus momentum 

p L/L 2 6 L/L 2 S L/L 2 6 

GeV/c simple scaling measured accurate scaling 

12 0.13 0.05 0.10 
15 0.25 0.2 0.22 
22 0.66 0.5 0.63 
26 1.0 1.0 1.0 
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3.4 Time dependence of luminosity 

Table III gives a list of the most significant phenomena which cause the luminosity to 
decrease as function of time. Some effects can cause particle loss, others simply blow up 
the beam gradually and therefore increase the beam height. The latter effects also con
tribute to beam loss if the stack becomes aperture limited. 

Table III 
Effects changing luminosity with time 

Beam-beam large angle scattering 
(mainly nuclear scattering) 

Beam-gas large angle scattering 
(mainly nuclear scattering) 

Coulomb scattering between beam particles 
(intra-beam scattering) 

Noise of the transverse feedback system 

Multiple Coulomb scattering on the rest gas 

Coherent oscillations due to electrons 
trapped in the beam 

During a typical physics run of 10 to 30 hours, since the current loss rate is ex
tremely small, less than 10"3 per hour, the effect of current loss on luminosity is almost 
negligible. The decay of luminosity is more strongly dependent on the growth of the beams 
which is of the order of 10"2 per hour at 20 A. At lower energies, the beam growth is 
mainly determined by intra-beam scattering. At higher energies, the growth-rate exceeds 
intra-beam scattering by a factor 3 for hitherto unknown reasons ^ . 

3.5 Measurement of luminosity 

For the measurement of luminosity the beam currents and the beam height must be known. 
In the ISR the currents can be measured very accurately 1 8J. For a uniform vertical 
density distribution the relationship with the beam height is trivial. However, in reality 
the distribution in the vertical plane is much more closely related to a Gaussian than a 
uniform distribution. In the case of a non uniform density distribution, it can be shown 
that the effective height heff relevant in the luminosity formula is -* 

heff - 1 = / Pi Pa dz M p! dz / p 2 dzj (3.22) 

It can be shown that the hg££ is closely linked to the rms-spread of the distribution. 
The equation 

Reference 

13 

13 

14 

IS 

> beam loss 

-, g j> beam growth 

17 > 

heff - 3- 6 zrms (3.23) 
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holds within a few per cent for any reasonable dis tr ibut ion function 20) For a Gaussian 
the numerical factor becomes 2/F". But if one wants to measure the luminosity to an accuracy 
of a few per cent, the effective height must be determined experimentally. The usual way 
is to derive the effective height in a measurement of the counting rate as a function of 
vertical beam displacement -*. 

Assume that two telescopes arranged at an intersection point as shown in Fig. 3.11. 
Each telescope consists of two scintillation counters surrounding the down-stream beam pipe. 
A coincident firing of the two telescopes is considered as a beam-beam event. Assume also 
that the acceptance and sensitivity of the telescopes are independent of the vertical beam 
position. If the beams are now displaced relative to each other in the intersection points 
by vertical closed orbit bumps, a plot of the counting rate dN/dt versus beam separation Az 
yields a bell-shaped curve of area S with a maximum counting rate (dN/dt) m a x at zero dis
placement (as shown in Fig. 3.12). 

Telescope 2 "*». 

Fig. 3.11 Counter arrangement for luminosity measurement. 

Fig. 3.12 Counting rate of monitor telescope 
versus beam separation. 

It has been shown that the h e££ is given by 

h e f £ = S/CdN/dt)^ (3.24) 

This technique can be used to provide measurements of luminosity and h e££ to better than 
a few per cent. 
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The ratio of the maximum counting rate to the luminosity is called the monitor 
constant % because its numerical value depends on the detailed layout of the luminosity 
monitor 

On, = (dN/dt)^ / L (3.25) 

It depends on the energy of the beam. Once % is determined for a particular monitor, the 
luminosity L can be derived thereafter from the counting rate by means of (3.25) provided 
that the beams overlap perfectly. Once the currents and the luminosity are known one can 
get in turn h eff from (3.4). In this way the evolution of luminosity and effective height 
can be monitored very conveniently during the physics run. 

3.6 Properties of the beams in the intersections 
The beams look like flat ribbons in the intersections where they cross in the hori

zontal plane. Their heights are determined by the amplitude of their vertical betatron 
oscillations. The amplitude distribution is close to a Gaussian with a standard deviation 
<*z 

~ heff 

The standard deviation of the betatron angles relative to the horizontal plane is 

(3.26) 

i o z heff 
° z = ^ = 2 ^ i ^ 0.27) 

where 3 ^ = 14 m. 
The beam width is dominated by the momentum spread. This becomes apparent from in

spection of Fig. 3.8. The distribution function of the particles in momentum is a rectangle 
to fairly good approximation. The distribution in real space may be obtained from pro
jection onto the x-axis. This will reveal a flat top with tails produced mainly by the 
horizontal betatron oscillations of the particles sitting close to the bottom and top of 
the momentum bite. 

Since the particles oscillate horizontally around their equilibrium orbits, an 
angular spread is introduced in the horizontal plane. By virtue of (3.5b), (3.7) and 
(3.8b) we get for the standard deviation of this angular spread •* 

°x' = s/Eh/C* 3hl) (3.28) 

According to (3.19) it scales like p~ 2. 

*) This i s based on the definition of emittance commonly used in the ISR, 
E/TT = ( 2 x r m s ) 2 / e 
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The length of the interaction diamond is governed by the beam width w and the crossing 
angle a. It is i = w/sin j = 50 cm. Some experiments require a very small diamond which 
may be achieved with the so-called Terwilliger scheme 22K This scheme consists of a set 
of quadrupoles deployed in such a way that a momentum dependent closed orbit distortion is 
achieved. This closed orbit distortion causes the orbits pertaining to different momenta 
to overlap in every other intersection point. The resulting pattern in the x, Ap/p plane 
at an intersection point is shown in Fig. 3.13. Notice that the beam width is now uniquely 
determined by the horizontal betatron oscillation; it may be reduced further by horizontal 
scraping of the beam. 

+40mm-

+20 -

0 

-2 

- 1 % 0% 1 % 2% AP 

Fig. 3.13 Beam distr ibut ion in an intersection 
point with vanishing a p . 

a) 

b) 

Fig. 3.14 Horizontal closed orbits without (a) and with (b) Terwilliger scheme. 
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The principle of the Terwilliger scheme is illustrated in Fig. 3.14 which shows two 
intersection points I as well as the closed orbit C 0 for Ap/p = 0 and the closed orbit C 
for Ap/p = Ax/op. Some other off-momentum orbits are sketched in Fig. 3.14a without the 
Terwilliger scheme applied. Per definition they do not close. Inserting the quadrupoles 
Qi and Q 2 introduces two kicks in the off-momentum orbits so that a particle starting on 
the orbit marked by a full line finds itself on a closed orbit (cf. Fig. 3.14b). Since 
the kick imparted by the quadrupoles is proportional to x it turns out that for all values 
of Ap/p similar orbits exist which pass through x = 0 at the intersection point denoted by 
I 2. Thus the momentum compaction function ap(s) vanishes in I 2. As one can gather from 
Fig. 3.14 the beam width is increased by approximately a factor 2 at other azimuths re
ducing in this way the available aperture for stacking. Thus about only half the current 
can be stored if this scheme is used. The beam size in the intersection point i! remains 
unchanged. In the ISR the Terwilliger quadrupoles are arranged such that a_ vanishes in 
all even intersection points. 

PERFORMANCE LIMITS 
Here we discuss the phenomena which limit at present the maximum current and effective 

beam height. 

4.1 Limit on maximum current 
4.1.1 Vacuum limit 

The maximum current is limited to about 25 A (1974) by a pressure instability. If 
this current limit is exceeded, the vacuum pressure increases appreciably thereby causing 
a rapid growth in the beam size; ultimately the beam is destroyed. Fig. 4.1 shows the 
current and the local pressure in a weak point of Ring 2 23). Notice the run-away of the 
pressure, which was only stopped by reducing the current with a scraper. 

20A-

10A 

10"' 

P 
Torr 

10' 

80 160 
10 

240 min 

Fig. 4.1 Beam current I and gas pressure P versus 
time during a vacuum instability. 
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This pressure rise is due to gas desorbed from the chamber. The chamber surface is 

bombarded by the ions which are created by ionisation of the residual gas. They are 

accelerated towards the vacuum chamber walls by the electrostatic field between the centre 

of the beam and the walls. The potential difference is about 130 V per ampère beam current. 

The exact value depends on the detailed geometry 24). The number of ions created per metre 

per second is given by "J 

-dT = ! PNS (0.03 p + 3.77) (4.1) 

where 

I is the current in amperes 

Pj,s is the average nuclear scattering pressure 

p is the beam momentum in GeV/c 

Hence, at I = 25 A and at a nitrogen equivalent pressure of 10" 1 1 Torr up to 1 0 1 0 ions will 

be created per s and m. A simple relation between equilibrium pressure P and beam current 

I can be obtained from the equation 

P = P 0 + k I P n (4.2) 

P 0 is the static pressure and n is the net desorption yield, defined as the number of 

released gas molecules per incident ion minus the sticking probability of the ion itself 

The coefficient k depends on pumping speed and specific conductance. It is obvious that 

the pressure will rise very steeply as soon as the current I approaches 1/k n, as shown in 

Fig. 4.2. By solving the exact density equation one obtains the precise stability 

criterion 2^) 

T - e IT2 1 ,. _,. 
n I < ~ c -j- -, -va (4.3) a " 4 M7 

a is the ionisation cross-section (cm2) and 2s is the pumping speed (cm3/s) of each of 

the pumps which are disposed at a distance ± L (cm) away from the spot considered. The 

specific conductance c (cmVs) is about 100 r 3 where r is the radius of the pipe in cm 2'J. 

Since the pumps are very powerful in the ISR, 

s 

and (4.3) reduces to 

a 4 L 

Using a pipe radius of r = 3 cm and a - 1.2 x 10" 1 8 cm 2 yields 

U < 5 ? # (4.4) 

(n I ) c r i t = 100 A (4.5) 
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Since the critical current is around 25 A at present the desorption yield n turns out to be 
about 4 in the worst place. It is obvious that one bad spot is sufficient to set a limit 
for the whole ring. This bottleneck will occur at a place where the desorption yield is 
high and/or the conductance is low. 

Fig. 4.2 Dependence of gas pressure P on 
beam current I according to the 
simple model. 

In Fig. 4.3 the average pressure in the same run is shown on a longer time scale. 
The arrows indicate when the beam current was reduced by scraping. One sees from the 
figures that a secondary pressure bump occurred after the first one, about nine hours 
after stacking, even at the reduced current. One possible explanation for the delay is 
that the gas composition consists initially of 951 of H 2 but later on CD is desorbed from 
the walls by the ion bombardment. Since the specific conductance of CD is lower by a 
factor 3.7 as compared with H 2, and since the ionisation cross-section is 5 times higher, 
the critical current is reduced and a pressure instability occurs. 

It should be noted that this current limit is not an invariant. It has been increased 
every year by various improvements to the vacuum system starting from a value as low as 1 A 
in 1970 28), The remedies which are applied are discussed in chapter 5.1. 

5-

12 h 

Fig. 4.3 Average gas pressure P versus time 
during a slow vacuum instability. 
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4.1.2 Background 

Another current limit is imposed by the maximum background rate which can be tolerated 
by the most sensitive physics experiment. The main sources of such background are beam-gas 
scattering and the halo of the beam hitting an aperture limit upstream of the experiment. 
In principle, the background for an experiment should increase linearly with current, 
whereas the signal, the luminosity, increases with the square of the current. Thus the 
signal to noise ratio should improve with increasing current. Unfortunately this is not 
the case - due to the fact that the beam loss-rate has been found to increase quite rapidly 
as a function of current. The reasons for this are not yet very well understood. 

In order to illustrate this point three typical ISR runs are considered: one at low, 
one at medium and one at high current levels. We take the loss-rate due to beam-beam 
interaction as an indication for the "signal" and the total loss-rate in one ring as a 
measure for the "noise". The actual signal to noise ratio will obviously depend on the 
detailed layout of the experiment. Table IV gives in the third column the beam-beam loss 
rate determined from the luminosity and in the fourth column the measured overall loss-
rate. The ratio of those two numbers, which we call the signal to noise ratio, is shown in 
the fifth column. It can be seen from the table that the background increases more rapidly 
than the useful signal when the current is increased. 

Table IV 
Particle loss at different current levels 

in No. beam 
current 

beam-beam 
loss 

(signal) 

measured 
total loss 
(noise) 

signal 
noise 

observed loss 
(B - B) + NS 

A protons/s protons/s 

433 6 0.4 x 10 6 0.8 x io6 0.5 1.0 
488 13 1.2 x 10 6 3.4 x ioG 0.4 1.4 
569 20 3.2 x 10 6 30 x 10 6 0.1 6 

In the last column the ratio of observed loss to the loss expected from beam-beam and gas 
scattering (nuclear scattering) is given. Obviously, a substantial factor has to be ex
plained by other phenomena at higher currents. 

Consider now one individual experiment and the conditions of Run 569. Its signal 
rate S will be one eighth of the beam-beam events given in Table IV, hence 
S = 0.4 x 10 6 s" 1. A very rough lower limit on background is the number of gas scattering 
events occurring in the interaction diamond, which is about 0.5 m long. Since 1.8 x io 6 

particles are lost per second in the whole ring, this lower limit becomes 0.9 x 10 3 s - 1 , 
which is well below the signal rate. But assume now that for some reason the aperture 
limit is upstream of this experiment. Nearly all the particles will be lost there because 
we believe that it is a multi-turn effect which causes the loss, i.e. the amplitude of the 
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particles is increasing slowly over many turns. Only the loss due to nuclear scattering 

which is a small fraction of the total loss will be distributed all around the ring. Thus 

the experiment may be confronted with a serious background which can be as high as 

30 x 10 6 s - 1 exceeding the signal by a factor 75. This with beams which have a lifetime 

of 4.6 months.' Since the experimenters know that the background decreases rapidly when 

lowering the current, they will ask to stack lower currents. Thus, practically, a new 

current limit is created. This limit depends on many imponderabilities, so it is difficult 

to predict. Since the closed orbit and the Q-values change slightly from run to run this 

limit will do the same. However, experience has shown this limit to be correlated with the 

vacuum limit. Improvement to the vacuum has always had a beneficial effect on the decay-

rates in the past. It seems that the current which can be sustained by the experimenters 

is a constant amount, say S A, below the current at which the pressure instability occurs. 

4.2 Transverse coherent stability 

A transverse coherent instability may occur at a certain current level during stacking 

if the Q-spread within the stack is insufficient. The oscillation grows from noise and can 

cause partial or total beam loss. In practice the ratio I/AQ should not exceed a certain 

critical value which is around 360 A for the ISR. This imposes another limit on the current 

for a fixed AQ. How does this limit come about? A simple model is proposed to demonstrate 

the necessity of a Q-spread. The model and the treatment are certainly more instructive 

than rigorous but provide useful insight. A more detailed discussion can be found else

where 2" J. 

Consider the equation of vertical motion of a single particle which is coupled to the 

motion of the beam's centre of gravity 

z + ai2 z = kj I + k 2 k (4.6) 

£ is the co-ordinate of the beam's centre of gravity, kj and k 2 are coupling constants. 

The coupling is partly due to direct space charge fields and partly due to the fields which 

are set up by the presence of the vacuum chamber walls. Since there are many particles, 

we will have an ensemble of oscillators which has a certain spectral density f (w) in the 

oscillation frequencies. Fig. 4.4 shows such a spectrum. The position of the centre of 

gravity is per definition 

0)2 

Ç - / zu f(u) dw (4.7) 
0)! 

where z u is the position of centre of gravity of all those particles which have their 

frequency between u and u + du. Since we expect for Ç an exponential time dependence, (4.6) 

can be written as 

z + u)2 z = (a + i b) Ç (4.8) 



- 24 -

If a coherent instability occurs, all the particles will have the same frequency aic. Thus 
we try to find for our single particle a solution of the form z = exp(i w c t) where u>c is 
the frequency of the coherent motion, which may be complex. Introducing into (4.8) yields 

and 

u_ 2 z + u>2 z = (a + i b) Ç 

r a + i D 

Z ^ ^ .,2 ,,2 

(4.9) 

0) - (!)(-

With (4.7) one gets the dispersion relation 

0) 2 

1 = (a + i b) / f(q>) do) (4.10) 
U)l 

which we have to solve for u>c. Examination of the imaginary part in ooc will t e l l us the 
growth-rate of the ins tab i l i ty . 

" m 0»u 

Fig. 4.4 Density of oscillators versus frequency. 

Let us study first the case of no spread at all 

f(o>) = 6(o> - uijj) 

By virtue of (4.10) and with n^ + o)c = 2^ we get the solution 

°c _ % a _ i b 
2 w m 2 (% 

(4.11) 

(4.12) 

The factor a governs the real frequency shift; the sign of b determines the stability of 
the motion and the absolute value |b| gives the growth-rate. 

As a second example consider a distribution f (ui) which is reasonably smooth 
(cf. Fig. 4.4). It can be shown that no exponential solution exists if |Re(uc) - ID J is 
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within the spectrum, where u c is taken from (4.12). Interpreting non-existence of an 

exponential solution as stability, the stability criterion becomes 

<% 
< FCojy - 0)̂ ) (4.13) 

where OJU and w^ are the maximum and minimum frequencies of the spectrum. We have added a 

form-factor F which is of the order 1 for a well-behaved spectrum. The next step is to 

bring the criterion into a form more directly related to the machine parameters. 

What was said above is true for an ensemble of coupled oscillators. In an accelerator 

the particles have a more complicated motion. We have to find out how this u can be ex

pressed in terms of the revolution frequency and the Q-value. Since this <o is the local 

frequency, i.e. the frequency of the local electro-magnetic fields, it must be the same as 

the signal frequency recorded by a transverse pick-up electrode when the beam performs a 

betatron oscillation. For the sake of simplicity consider first the signal picked up if 

only a single particle circulates. It is shown in Fig. 4.5. Small q is the non-integer 

part of the Q-value. In the absence of a betatron oscillation the signal S consists of a 

series of ô-functions 

S(t) 
+oo +oo 

I 6( t • - n T) 1 I 
n=-°° T n = _ c 

infit 
(4.14) 

The betatron oscillations modulate the signal with e ̂  where Œ is the angular revolution 

frequency equal to 2ir/T. Consequently, the signal will contain the frequencies 

m = a) = |n ± Q|fi n = 0,1,2 (4.15) 

The same family of frequencies will appear in the limit of a large number of particles. 

The integer n is called the mode number. Obviously, for each of these modes the stability 

criterion (4.13) must be fulfilled, where u^ has to be replaced by o^. One can show that 

only the modes (n - Q)S2, n > Q can be unstable 2 9 ) . For the ISR Q = 8.7, hence 

n = 9,10,11 ... are unstable modes if the corresponding spread is not sufficient. 

/ 

/ 

-sin cjflt 

/ 

/ 

/ 

/ 
<L.y 

Fig. 4.5 Signal S induced on a plate by 
a single particle performing a 
betatron oscillation versus time t. 
T is the revolution time. 



- 26 -

The coefficient a appearing in (4.13) depends on the detailed geometry of beam and 

vacuum chamber as well as on the magnitude of the skin effect. The l a t t e r prevents the 

electromagnetic fields se t up by the osci l la t ing beam from penetrating into the walls. I t 

i s caused by the f ini te conductivity of the walls. The coefficient b which governs the 

growth-rate depends only on the skin effect . The r e s i s t iv i ty delays the penetration of 

the fields into the vacuum chamber and gives r i se to a force which i s in phase with the 

osci l la t ion. Such an in-phase component excites or damps the osci l la t ion. I t i s repre

sented in (4.6) by the term proportional to £,. Both coefficients a and b are proportional 

to the beam current; the skin effect i s proportional to l/v£T. Hence 

a = I[gi (geometry) + g 2 / v ^ ] o^ (4.16a) 

b = IEga/Vwjui n (4.16b) 

Introducing in (4.13) yields the cr i ter ion 

I[g!(geometry) + g 2 / ^ ] < A|(n - Q)ft| (4.17) 

Since Q and ft are l inear function of the momentum p , one can write 

I [ g l (geometry) + g 2 / / (n - Q) ft] < | (n - Q) ^ - - ^ ft| & (4.18) 

where Ap/p i s the momentum spread in the stack. In the ISR the spread in ft i s not 

sufficient to s tabi l ize a stack, and a large spread in the Q-values i s required to cope 

with the ins tab i l i ty . Since the ISR operates with 3ft/-^ < 0, the derivative Q1 = 3 Q / ^ 

must be posit ive. Otherwise ins tab i l i ty occurs at some high mode numbers n. In Fig. 4.6 

a plot of the Q-value against momentum i s shown (8C working l ine ) . 

injection 

8,59-

i 1 1 1 i . 
- 2 % - 1 % 1% 2 % -Û 

Fig. 4.6 Tune versus longitudinal momentum in a stack. 



-Ti

lt is apparent from (4.18) that the l.h.s. decreases with increasing n whereas the 
r.h.s. increases with n. In Fig. 4.7 both sides of Eq. (4.8) are plotted against (n - Q). 
A situation with the lowest mode number unstable is shown. 

r.h.s. 

l.h.s. 

9-Q 10-Q 11-Q 12-Q n-Q 

Fig. 4.7 Stability criterion as function of 
transverse mode number n. 

It is obvious that all modes will be stable if the lowest mode is stable. Since the 
Q-spread dominates over the ft-spread at lower modes, the criterion (4.18) reduces in this 
limit to 

I/AQ < constant (4.19) 

The constant depends on the lowest mode number n^ which can become unstable; n^ equals 
13 in the ISR as the modes 9, 10, 11, 12 are damped by a transverse feed-back system 15). 

The theory indicates that Q' £ 0.2 should be sufficient to prevent instability of 
mode 13 at 18 A and at 26 GeV/c. However, sometimes stacks got lost with Q 1 =1.7 
(8C working line). The corresponding constant in (4.19) would be 360 A for a stack with 
a 31 momentum spread. A closer look at the beam behaviour near threshold indicated indeed 
that the Q' must be higher by about 301 than required by (4.19) 30). g ut even having in
cluded a certain safety factor on top of this, an appreciable discrepancy remains. 

A more likely explanation is the presence of a small number of electrons in the beam. 
These electrons give a component which is out of phase with the beam oscillation and which 
contributes therefore to the coefficient a determining the l.h.s. of the stability cri
terion As a matter of fact, an average neutralization factor of 1.4 x 10" 3 would 
explain an increase in the necessary Q 1 -spread by a factor 2, the neutralization factor 
being defined as total number of electrons in the beam divided by the number of protons. 
As we have learnt in chapter 4.1.1, a great number of electrons are created per second by 
the ionisation of the restgas. Since the proton beam creates a potential well for the 
electrons, they are trapped and stay in the beam until they have drifted to a clearing 
electrode. Widenings of the vacuum chamber give a deeper well and the electrons get 
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trapped there. The energy gain by Coulomb collisions with the protons is too small to 
make them leave the trap in a reasonable time "J. Thus clearing electrodes must be fore
seen wherever such a widening occurs. Fig. 4.8 illustrates how the potential well looks 
in different cross-sections, and Fig. 4.9 shows how the potential in the centre of an 1 A 
beam varies in the outer arc of an ISR ring **). The variation is caused mainly by the 
alternating chamber size, the chamber is circular between the magnets but flat elliptical 
in the magnets with constant width everywhere. All widenings are cleared properly. What 
cannot be cleared at present, are the traps formed by the beam size variations in the long 
D-magnets. They are clearly visible in Fig. 4.9. Lack of space prevents us from doing so. 
If one assumes that we have an electron population in these places just big enough to make 
the potential flat in the D-magnets one gets an average neutralization factor of 4.5 x 10" 3. 
The finite drift velocity of the electrons in the cleared sections will also contribute to 
the neutralization. A precise estimate of this contribution is very difficult but a total 
neutralization around 10" 2 is very likely. Thus neutralization alone would necessitate 
Q 1 = 1.4. Adding to it the Q' necessary to stabilize the resistive wall instability yields 
a value close to the observed Q' - 1.7. As a matter of fact, this value of 1.7 was not al
ways insufficient to stabilize the 18 A beam current. It may have been too small only in 
runs when clearing was accidentally not so good and the neutralization higher than estimated 
above. On the other hand, one must admit that the estimate has a more qualitative than 
quantitative character as the actual neutralization is not known very well. 

- > • beam 
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Fig. 4.8 Electrostatic potential in a 
vacuum chamber with different 
cross-sections. 
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Fig. 4.9 Azimuthal variation of chamber dimensions, beam dimensions 
and electrostatic potential in an outer arc of the ISR. 

Unfortunately, enhancement of this low mode coherent instability is not the only ad
verse effect due to.the electrons. At the same level of neutralization a coupled oscill
ation between the electron cloud and the proton beam can appear which has a threshold very 
close to neutralization factors quoted above ^ 3 ) # This coupled oscillation causes the beam 
to grow much faster than normal ^ . It is suspected that it may be one of the phenomena 
which make background, resp. loss-rate, increase so sharply when one approaches the vacuum 
limit (cf. chapter 4.1.2). Its signature is a coherent oscillation of the proton beam at 
a few modes. The mode nubmers are high, between 300 and 600, and the signal picked up 
suggests a very small charge times amplitude product 10" 6 Am 35). The oscillation can be 
intermittent but also very steady. The band-width in the stationary case is extremely 
narrow, much smaller than the spread of the mode frequency across the stack. 

Thus neutralization is very relevant for beam stability and it is imperative to keep 
the neutralization to a minimum. Indeed a great effort is deployed to provide adequate 
clearing everywhere around the circumference 3 ^ ) > 

4.3 Nonlinear resonances 

The criterion (4.19), I/AQ = 360 A, suggests a straightforward way how to circumvent 
the transverse coherent instability. Simply increase the Q-spread AQ. However, when doing 
so one notices that the decay rate and the concomitant background are enhanced. Inspecting 
the particle distribution in such a stack by the Schottky scan technique 37) indicates 
large amplitudes and particle loss at momentum values where the Q-values fulfill 

ki Oh + k 2 Q v = s (4.20) 

k x, k 2 and s are positive integers. 
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In order to gain some insight we make a simple model which wil l exhibit a l l the major 
features which appear to be relevant for the ISR. 

Consider a single par t ic le performing a ver t ical betatron osc i l la t ion . Assume further 
a small perturbing force which i s distr ibuted somehow around the ring. Let th is force be 
proportional to v^ k z * - 1 where k = 2 i s a force due to a quadrupolar component, k = 3 due 
to a sextupolar component, and so on. Describing the azimuthal distr ibution of the force 
by means of a Fourier series yields for the equation of motion 

d 2 z /de 2 + Q2 z = - I v k s e " i s 9 k z k _ 1 (4.21) 
s 

6 is the azimuth around the machine equal to £2 t . Since the perturbing force on the r ight-
hand side i s very small, we t ry a solution close to the solution of a harmonic osc i l la tor 

z = r„ exp[i(Q 6 + <J>0)] (4.22) 

and get 

z , + Q

2

 2 = e-iQ6 h e i ( k ^ 9 J (4.23) 

Apparently, the terms varying slowly as a function of 6 will have a predominant influence. 
The other ones varying rapidly., will average out 3f*) t g ^ ^ e terms in the parenthesis on 
the r.h.s. can be treated as a constant. The approximate solution of (4.23) becomes 

Thus the oscillation will grow at the beginning with a rate given by the first term in 
(4.24) if the resonance condition 

k Q = s (4.25) 

is fulfilled. One says that this Q-value is on a nonlinear resonance. In the two-dimen
sional case the resonance condition is (4.20). The sum k x + k 2 is called the order of 
the resonance. It is linked to the order of the driving multipole. If the multipole has 
the order M it can drive a nonlinear resonance of order kj + k 2 = M/2. 

The growth-rate is given by 
k-1 

dr k vks r<> 
de =

 Q 2 k - 1 C 4- 2 6) 

It was said before that these resonances do harm to the beams and set a limit to the 
maximum current by virtue of (4.19). In order to fight them one has to find out what 
causes the perturbing force on the r.h.s. of Eq. (4.21). Equation (4.26) would suggest 
that the higher order resonances are the most dangerous ones. The higher the k, the more 
rapid the growth. But this is not true because of the rapid decrease of v^ s with in-
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creasing k. It is rather the low order resonances which have a dominating strength. For 
this reason we restrict ourselves to quadrupole (k = 2), sextupole (k = 3) and octupole 
(k = 4) perturbations. 

The first element which comes to one's mind as a possible offender, is a slightly 
misaligned magnet. Assume that the magnet has been displaced vertically by a small amount 
e. The force represented by v^g will be proportional to the magnetic field component B^ 
which is given by the derivative of the magnetic scalar potential P 

Bx 9P 
8z (4.27) 

Expanding the scalar potential in terms of z yields 

- P = b 2 z 2 + b 3 + K (4.28) 

where the first term comes from the quadrupole component of the field, the second one 
from the sextupole and the third one from the octupole component. The coefficients vj^ 
will be proportional to the coefficients b^. In the ISR magnets b 3 is zero since their 
sextupole effect is maximum in the horizontal direction. If we move the magnet by e, we 
get new coefficients denoted by a prime. To first order in e they become 

b' 2 = b 2 + 6 K e 2 

4b u e (4.29) 

Note that a sextupolar component appears due to the octupole component of the magnet. 
Using the definition 

_ = _P_ 8 B x 
B 7 8z 

yields 

n"/p 
n/p 0.14 e m _ 1 

(4.30) 
1 S^P a o.036 m" 2 

12 n/p 

The numerical values apply for a short ISR D-magnet, whose bending radius is p, and the 
5C working line. The displacement e is given in metres. 

Another effect which can give also rise to nonlinear force is the electromagnetic 
interaction with the other beam in the crossing points 39). Imagine the other beam has a 
vertical density distribution described by 
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p(z) -x. 1 - (z/a) 2 (4.31) 

It is sufficient to consider the electrostatic forces since the magnetic forces which add 
to them are proportional to the former. The electrostatic potential due to this charge 
distribution in the centre of this beam is 

V <x* c 2 z 2 + c 3 z 3 + c„ z" = z 2 - -^- z" (4.32) 
6a 

We neglected again higher order terms. Due to the symmetry in the charge distribution 
only even powers appear. If this beam is slightly displaced vertically by an amount e new 
coefficients will appear in the power expansion of the potential, which is done in the old 
frame, i.e. the median plane of the beam experiencing the force. We get for the new co
efficients 

c» 2 = 1 - e 2/a 2 

c'3 = 2e/3a2 (4.33) 

c \ = - l/6a2 

Normalizing again by the quadrupolar component yields to first order in e 

c3 

c2 

-%• = 10 5 E m"1 

3a 2 

(4.34) 
1 

6a 2 

The numerical values refer to an effective beam height of hgff = 4 mm, and to a parabolic 
density distribution with a = 0.62 hgff. The displacement e is given in metres. 

Since the coefficients vj^ are proportional to the coefficients of the potential, we 
know the v^ s for both perturbations relative to the quadrupole perturbation v 2 s from (4.30) 
and (4.34). Thus if we found out the relative magnitude of the v 2 S terms we could compare 
the perturbing terms. For the term v 2 s to represent the quadrupole component it must be 
proportional to the Q-shift which the magnet and the other beam generate in our probing 
beam. 

First consider the magnet. In order to find its Q-shift AQ^ we simply remove the 
magnet. Employing the usual formula '> yields AQ^ = 0.14 for n/p = 3 m - 1 . For the cal
culation we used a ratio of magnet length L to bending radius L/p = 1/30. The Q-shift due 
to the other beam 4 0J becomes AQg = 8 x 10"* for a beam of 20 A and an effective height 
of 4 mm. 
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Knowing these Q-shifts we can normalize the quadrupole coefficient. For 

vks Vks _ bk 

v 2 S 3 AO^ ~ a b 2 

we get for the perturbation coefficient 

Vfcs = a g AĈ j V 5 * 

The same formulae apply for Cjc/c2 with the same proportionality coefficients a, 3. Thus 
we have to compare AQ4 x b^/ba and AQg x c^A^. This is done in Table V where vj^/a 3 is 
shown. The displacement e is again in metres. 

Table V 
Comparison of perturbation coefficients 

Displacement element 1 short D-magnet Other beam (20 A) 
k = 3 0.02 e 80 e 
k = 4 0.005 24 
AQ 0.14 8 x lO"" 

First of all one learns from the table that the fourth order resonances are not influenced 
by the displacement. This is true for all even resonances. Odd resonances, however, 
depend on the beam separation. Secondly, in order to simulate the beam-beam effect for a 
third order resonance we would have to displace the short magnet 4000 times the beam 
separation, which indicates that beam-beam effect is pretty strong and will dominate over 
magnet resonances as one can never steer the two beams to overlap so accurately. This has 
been verified experimentally 41). 

Another important point is the azimuthal distribution of the perturbing force ex
pressed by the harmonic number s in (4.20) and (4.25). Since the ISR has a super-period
icity of 4, even beam-beam resonances occur only when s is a multiple of 4. In the case 
of odd resonances, which depend on e, all harmonics will be present as the beams will over
lap differently in the individual intersection points. Thus low s and high s odd reson
ances will be excited by the beam-beam effect. The same arguments apply of course in the 
two-dimensional case except that the beam-beam effect does not affect purely horizontal 
resonances (k2 = 0) where only magnet imperfections play a rôle. Table VI gives the origin 
of excitation of the nonlinear resonances ki Qh + k 2 Qv = s. The abbreviation MM refers to 
magnet misalignment and BB refers to beam-beam misalignment. Keep in mind that this is 
only a very rough guide through the jungle of nonlinear resonances. 
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Table VI 
Origin of excitation of nonlinear resonances 

Resonance k even k odd 
hor. k 2 = 0 
vert, ki = 0 

MM (high s only) 
BB + MM (high s only) 

MM (all s) 
BB + MM (all s) 

The other sum resonances kx f 0, k 2 f 0 will be excited similarly to the horizontal 
resonances. The beam-beam interaction can only influence them in the case of a serious 
tilt between the median planes of the two rings. 

Although very few systematic measurements exist which would permit to weigh for ex
ample the even, vertical resonances against the odd, horizontal ones, it appears that the 
odd, vertical resonances are the strongest ones. The even, horizontal resonances are 
quite weak. The perturbation by the magnet imperfections are strong enough to make the 
resonances below order 5 intolerable even if they are even and if their harmonic number is 
not a multiple of the ISR super-periodicity. The horizontal 5th order resonance is con
sidered to be acceptable. The 5th order and the 7th order vertical resonances are rather 
harmful. 

Armed with this knowledge we can try to find a working line in the %, Qh diagram 
which is shown in Fig. 4.10. The horizontal and vertical resonance lines are drawn in. 
One of the largest regions which avoids all the dangerous resonances is located in 

8.600 < Q < 8.666 
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In order to avoid coupling, the working l ine has to stay away from the resonance % = Q^ by 
about |Qv - Qh| = 10~ z . This leads then to the working l ine 8C shown in Fig. 4.10. I t 
gives a Q-spread of AQ = 0.05 which seems to be jus t sufficient to hold a current of 18 A. 

8,7 Q H 

Fig. 4.11 Typical working line in the tune diagram; 
full line: low current or compensated with full current, 
dashed line: full current and uncompensated. 

Fig. 4.11 shows the working line in greater detail. The parameter on the line is the 
momentum in terms of Ap/p. The safety margins to the neighbouring resonances are extremely 
small which necessitates a close control of all parameters which can introduce shifts in 
the Q-values. The most prominent effect is the incoherent image Q-shift which is bound to 
occur during stacking when the current builds up. If it were not compensated, the stack 
would be located somewhere around the dashed line in Fig. 4.11. The origin of this shift 
are the fields which are created by the presence of the walls. Assume a simple parallel 
plate geometry with the beam in the middle as shown in Fig. 4.12a. In first approximation 
we get the same field configuration by putting a current below and above the beam 
(Fig. 4.12b). The forces will be identical but easier to imagine in the second case. 
Consider now only the electrostatic force, because the total force is proportional to it, 
and a single, probing proton. If it performs a vertical oscillation, the attraction by the 
image currents will diminish the focusing. If it oscillates horizontally the focusing will 
be enhanced. Hence the incoherent Q-shift will have the direction indicated in Fig. 4.11. 
The magnitude of this Q-shift is 

|AQ| = 0.05 (4.35) 

where y is the energy parameter E/E 0 and I is the current in A. The above formula takes 
only image fields into account. The direct space charge forces are much smaller due to the 
cancellation of electromagnetic and electrostatic forces 4 2 ) . They can be neglected in our 
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case. MDre precise formulae which give the Q-shift as a function of the radial position 
43) and as a function of the charge dis t r ibut ion can be found elsewhere 

a) 

V7777777777777777777777. 

0 
i b) 

© ~ 

0 
Fig. 4.12 Detuning by wall effects; 

a) beam between parallel plates, and 
b) beam between electrostatic images. 

Since the Q-shift is rather large, it was decided to compensate it step-wise during 
stacking ^4), The way this is done, is illustrated in Fig. 4.13. Fig. 4.13a shows the 
working line before stacking. It is prestressed by such an amount that the line becomes 
straight after the first substack is made (4.13b). The next prestress is applied as shown 
in Fig. 4.13c and the line becomes straight again due to the Q-shift of the second substack 
(Fig. 4.13d). By controlling meticulously stack position and local density in the sub-
stacks, a precision of AQ = ± 3 x 10"3 can be obtained. The prestresses of the working 
line are generated by a suitable combination of magnetic multipole corrections in the 
magnets which are generated by proper powering of the pole-face windings. 

a) 

b) 

c) 

d) 

J QK 

Fig. 4.13 Prestressing of a working line; 
a) prestressed line, 1 = 0 ; b) after first substack, I = AI; 
c) prestress before second substack, I = AI; 
d) after second substack, I = 2AI. 
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4.4 Current limit by longitudinal density 

In chapter 3.2 the details of RF stacking were discussed. It turned out that 30 A can 

be stacked in a 3% momentum bite if the PS delivers 80 mA with a bunch area of 0.7 mrad per 

pulse. This current was indeed achieved -'. The total current is proportional to the 

available momentum bite according to Eq. (3.15). Hence the longitudinal density imposes 

1/ à£. < looo A (4.36) 

Experience shows that injection from the booster into the PS does not give higher density 

in the ISR stacks though the density at injection is higher by a factor 2 10) # it seems 

that the efficiency n just drops at higher densities and the final current is the same. 

4.5 Summary of current limits 

The present limits on the current can be summarized as follows 

Table VII 

Summary of current limits at 26 GeV 

Nature of limit Criterion 

Pressure rise 

Background 

Transverse coherent instability 

Longitudinal density 

I < 25 A 

I < 20 A 

I/AQ < 360 A with AQ £. 0.05 

I/AP- < looo A with Ap/p i. 3% 

For a given working line AQ and Ap/p are linearly dependent. It is convenient to plot 

these constraints (enumerated in Table VII) in a single diagram where the current is 

plotted versus AQ. It shows how the various limits are related and is useful for dis

cussing remedies. Fig. 4.14 gives the diagram which corresponds to Table VII. It is valid 

for the 8C working line. The area in which one can work is shaded. Pressure rise and 

background are of course not so sharp limits as drawn in the figure. As said before, the 

tolerable background varies very much from one experiment to another. Thus, this line in 

the diagram has a more indicative character; the more so as it does not cross the shaded 

area. It is experience which tells us that it is a few ampères below the vacuum limit. 

The latter can be studied with special working lines which give a large AQ to stabilize 

the current. These working lines cross lower order nonlinear resonances. In this case 

one does not bother whether one has higher decay-rates as the beams have still a lifetime 

of weeks, sufficient for a vacuum experiment which lasts less than a few hours. 
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Fig. 4.14 Present limits of beam current. 

4.6 Limit on effective height 
The effective height is given by the vertical emittance of the beam and the focusing 

at the intersection points. The former is determined by the beam emittance of the injector 
and not much can be done about it except hoping that the new PS linac will give a smaller 
one, and that the PS can soon cope with coupling. 

It was shown in chapter 3.2 that we have space for 30 A in the aperture. Vacuum and 
background impose a limit at around 20 A because one cannot come too close to the critical 
current for hitherto obscure reasons. Thus, only a part of the aperture will be filled by 
a limited number of pulses. Fig. 4.15a shows how the beam is distributed in the chamber. 

By "shaving" the beam with a scraper during acceleration, the vertical beam size is 
reduced as well as the current added to the stack by each individual pulse. If the scraper 
is adjusted correctly, the whole horizontal aperture will be filled with more pulses, the 
final current being the same. The resulting distribution is illustrated in Fig. 4.15b. 
Thus, the luminosity which is inversely proportional to the beam height, will be higher for 
the same currents ^6). 

cCZ^ -
injection orbit stack 

I 
. 4Z, b) 

Fig. 4.15 Shaving; beam d i s t r i b u t i o n 
in the vacuum chamber without 
shaving a ) , and wi th shaving b ) . 

xscraper 
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In order to find out how much one gains, one has to know the reduction in hgff for a 
given reduction in the current i of a single pulse. This was calculated -* for three 
different distributions in the vertical betatron phase plane. The result is shown in 
Fig. 4.16. The index o refers to the values without shaving. For example, if the aperture 
accepts 30 A but the vacuum copes only with 20 A, one has to adjust the scraper to shave 
away ̂  1/3 of the injected current. The luminosity will increase by 301 according to 
Fig. 4.16. Another benefit of the shaving is that the beam has more space to expand 
vertically, which gives better conditions for the experimenters. Horizontally, one has 
ample space because all the horizontal aperture needed for injection is then available for 
beam expansion once the stacking is terminated. 

0,5-

1,0 i/i0 

Fig. 4.16 Gain in effective height versus 
relative reduction of the current 
in a single pulse during shaving; 
original vertical density distrib
ution cosine (C), parabola (P) and 
Gaussian (G). 

In Fig. 4.17 the dots represent the measured effective height as a function of the 
reduction in current of a single pulse 48) The solid curve gives the expected dependence 
for a parabolic density distribution in phase space. 

8min 

Q2 0,4 0,6 0,8 1,0 i / i 0 

Fig. 4.17 Measured effective height versus current reduction. 
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One may ask how much, one loses in luminosity if the scraper is not adjusted correctly. 
For the estimate we use the approximation 

h/h 0 = 0.7p + 0.3 

a) shaving too much L ^ 0.7p + 0.3 

b) shaving not enough L <\i . + Q , 

(4.37) 

which is denoted in Fig. 4.16 as "fit". The ratio i/i0 is called p for brevity. We dis
tinguish two cases 

(4.38a) 

(4.38b) 

Fig. 4.18 shows L/L Q p t versus p for the case when p = 0.5 would be the optimum. One can 
see from the graph that quite some factor in luminosity can be lost by an incorrect adjust
ment of the scraper. It is certainly worthwhile to care for factors of this magnitude. 

L/L, 

0£ 1,0 i/i„ 
Fig. 4.18 Luminosity versus current reduction. 

Finally, it should be pointed out that coupling between vertical and horizontal 
betatron motion will tend to increase the small, vertical amplitudes by the transfer of 
energy from the horizontal plane. This effect will partly ruin the improvement in lumin
osity achieved by scraping. Its magnitude depends on the distance of the working point in 
the Qy, Qh diagram from the coupling resonance 0^ = 0^ and on the strength of coupling in 
the machine. Thus, one can fight this effect by working with a sufficient Q-shift 
iQh ~ Qvl a n^ by powering special (skew) quadrupoles which compensate the coupling. 
Normally, if |Qh - Q̂ l > 0.01 is maintained, then coupling is not significant. 
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IMPROVEMENT 
All those limits discussed before have been raised over the years, permitting an in

crease of the current from 1 A to about 20 A and a concomitant increase of luminosity from 
^ 1 0 2 8 cm - 2 s - 1 4") to nearly 10 3 1 cm - 2 s" 1. In this chapter further improvements which 
are planned or contemplated are discussed. 

5.1 Current 
5.1.1 Vaouvim limit 

Inspection of formula (4.4) indicates the following remedies 
i) decrease the distance L between the pumps by installing more of them, in 

particular sublimation pumps which are simpler and do not need so much space; 

ii) increase the specific conductance c wherever possible by using wider pipes; 
iii) reduce the desorption yield n. This can be achieved by a higher bake-out 

temperature and/or a cleaner surface. Since the temperature is restricted for 
an in-situ bake-out, the second possibility was investigated very carefully. 
Titanium liners for the chambers were tested. They give a negative desorption 
yield. Their disadvantage is of course that they cost aperture. Oxidation of 
the walls was tried but met only limited success. The best method seems to be 
glow-discharge cleaning of the surface. The glow-discharge is set up in an 
Argon atmosphere and it is maintained until about 1 0 1 8 Argon ions have hit the 
surface per cm 2. This number is much higher than the flux available from the 
beam which is of the order of 3 x 10 6 ions per s.cm2. Thus cleaning by the 
beam itself is very weak. An important fact is that the surface stays clean 
even when the object is let up to air after the treatment. This avoids tedious 
in-situ treatment. Since this method is rather successful, all vacuum chambers 
are at present glow-discharge cleaned prior to installation. 

Applying these remedies, it is hoped to raise the vacuum limit to about 40 A. 

5.1.2 Baokground 

It was pointed out in chapter 4.1.2 that even a relatively small decay-rate means the 
loss of many particles per unit time if the beam is very intense. If those particles land 
near an experiment, they will create a serious background problem. At the moment, this 
limit is around 10 8 protons lost per second, i.e. a 20 A beam should not have a lifetime 
shorter than one month. One line of attack is of course to increase the lifetime. Another 
one is to make sure that these particles are not dumped near an experiment but at a place 
where they do no harm. 

This is done by making a block of metal, the dump block, the aperture limit. It is 
situated in an intersection point which is dedicated to this purpose. Although this dump 
block helps to shield most of the experiments, it turns out that the next interaction point 
downstream of the block gets an increased background which is due to the particles 
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scattered by the dump block itself. How this comes about, is illustrated in Fig. 5.1 which 
shows the betatron phase plane (cf. Fig. 3.4) at different azimuths of one ring. Fig. 5.1a 
refers to the betatron phase plane at the dump block which is touched by the halo of the 
beam. Most of the particles which have large amplitude will be absorbed by the block but 
a small fraction will scatter from it. Most of them get a negative kick but some are 
scattered in the positive direction if the scattering occurs in the rear edge of the block. 
The distribution of the scattered particles is certainly not uniform but we restrict our
selves to indicate them by two simple arrows. Fig. 5.1b shows the situation one quarter of 
a betatron oscillation down-stream. The scattered particles will get lost on the aperture 
limit triggering a shower which creates background in the down-stream experiment. 

It is planned to improve the situation by placing a pair of collimators one quarter of 
a betatron wave-length down-stream of the block sufficiently close to the beam to shield 
the down-stream aperture completely ->0). Their position in the phase plane is shown in 
Fig. 5.1c. In this way one hopes to have made a further step towards a controlled disposal 
of the scattered particles. If the combination dump block and collimator works for the 
vertical motion one may contemplate a horizontal version. 

z' z' 

Î 
/^dump block /, 
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machine aperture 
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a) b) 

particles lost 
mcollimator\ 

particles lost 
ln« 

c) 

Fig. 5.1 Collimation for reduction of back
ground. Vertical phase plane: 
a) at the dump block; 
b) a quarter of a betatron oscillation 

down-stream without collimator; 
c) with collimator. 
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5.1.3 Transverse cohérent instability 

The transverse feedback system damps at the moment the four lowest modes. It is 
planned to extend its frequency range to include modes up to 150 which should change the 
constant in the criterion (4.19) from about 360 A to 600 A -'. Hence, the working line 
which is now stable for 18 A, should be good to ̂  30 A. The extended band-width, however, 
also means more noise, which has an adverse effect on beam growth. Thus special, low noise 
amplifiers have to be foreseen for such a feedback system. 

5.1.4 Nonlinear resonances 

The criterion (4.19) suggests to improve the transverse stability by an increase of 
the Q-spread. This can be done on top of the extension of the feedback system. Various 
attempts to allow a larger Q-spread ' are summarized below: 

i) Adjustment of the vertical beam-beam separation to diminish the resonances 
driven by the other beam. It turned out that the required reduction of the 
displacement is impossible. Appropriate steering of the two beams with 
proper phasing between the intersections was tried to compensate the most 
dangerous resonances. A background reduction of 2 to 3 was achieved. The 
problem is that one has to compensate more than one resonance in both rings. 
This makes the procedure very tedious. 

ii) Sextupole and octupole lenses were installed for compensation of third and 
fourth order resonances. From the first tests one leamt that it is very 
difficult to adjust the currents in these lenses precisely enough. Only a few 
resonances can be compensated. However, the tests will be continued as one has 
not yet reached a final conclusion. 

iii) These lenses were also used for a periodic excitation of the resonances, the 
idea being to use them for a periodic elimination of the particles close to or 
in the resonances by driving them deliberately to higher amplitudes until they 
are lost. In this way slots would be cut in the stack at places where dangerous 
resonances sit. However, particles diffuse too quickly back into the empty 
slots and the duty cycle of the whole operation is not satisfying. A further 
drawback of this method is the required precise compensation of the space charge 
Q-shift which changes when current is lost during this operation. 

iv) The most successful and venerable method is simply to dodge all nonlinear 
resonances of order less than 8 and to look for a region in the Qy, Qjj diagram 
which gives a maximum resonance free area. Fig. 4.10 indicates that there is 
only one place which exceeds the 8C area and this is the area close to the 
Qv = Qh = 9. This region had been tried before ' but was abandoned because 
we could not see much improvement. Since we did not have a feedback system at 
that time, one was afraid of the increase of the skin effect which is propor
tional to (n - Q)" 5 S 3J. Furthermore, the control of the closed orbit was con
sidered to be difficult near the integer resonance. Having available the feed-
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back system and a more sophisticated closed orbit control, a second attempt was 
made in the last runs, which turned out to be a success. The Q-spread of this 
working line which is called ELSA is 30% higher than the spread of the 8C working 
line. Consequently, a current of 24 A could be stacked on it. The decay rate 
was comparable to the decay rate on the 8C working line. 

5.2.5 Longitudinal density 

The longitudinal density limits the stacked current to 30 A. It is no serious limit 
at the moment but may quickly become one when the vacuum system will have been improved to 
stand currents above 30 A. At least for a vacuum test one would like to have the potential 
to reach 40 A. The limit is mainly due to the low phase plane efficiency r\ which equals 
about 1/3. This is much lower than the stacking efficiency which is around 90% after many 
stacking cycles 9'. Since trapping and matching have also a finite efficiency, one may 
expect a total efficiency of about 70%, which is twice the actual efficiency. This would 
give a maximum current of 65 A. Comparison with the achieved current indicates that we 
lose somewhere a factor two for obscure reasons. Various explanations are put forward as 
overshoot during bucket shrinking due to inductive wall, or a longitudinal instability at 
a high mode number. Indeed, by taking into account the former effect when choosing the RF 
parameters, densities higher by 50% were achieved in small stacks ^ \ But an efficiency 
of 70% was never achieved. 

Fig. 5.2 summarizes all these remedies in one general diagram of the current limit
ations (cf. Fig. 4.14). It is obvious that a concerted effort is needed and one has to 
work on all limits at the same time. Usually one limit masks another one which is closely 
behind. Thus, there is no point in perfecting feedback or compensation of nonlinear 
resonances if the vacuum limit is not raised as well. At low energies, the longitudinal 
density limit is dominating. This can be inferred from inspection of Eq. (3.15) which 
indicates that I /-^ ̂  p. P 
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Fig. 5.2 Synopsis of methods for increasing 

the usable beam current. 
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5.2 Effective height 
In chapter 4.6 the reduction of beam height by shaving was discussed. It leads to 

flat beams filling the whole horizontal aperture. But with this measure not all possibil
ities are exhausted. The beam height is determined not only by the beam emittance, which 
is reduced by the shaving, but also by the strength of the focusing in the interaction 
point. Thus, in order to achieve a smaller beam size, it is sufficient to augment the 
focusing locally in the intersection without affecting the rest of the machine • " ) . This 
extra focusing in the intersection point is generated usually by an array of quadrupole 
lenses. Their number is determined by the requirement that the beam size remains unper
turbed in the remaining part of the ring. The length over which the original focusing is 
changed is called the insertion. 

It was explained in chapter 3.2 that the beam can be represented by an ellipse in 
phase space. If we plot this ellipse at different azimuths of the machine, we will find 
it tilted and of varying shape but its area will be conserved. In the intersection point 
we require that the beam is as flat as possible which implies an upright and flat ellipse 
as shown in Fig. 5.3. Thus two conditions are imposed. Further conditions arise from the 
requirement that the ellipses and the off-momentum orbits have to be the same at the end 
of the insertion as they were before at this azimuth without the insertion. If these con
ditions are fulfilled, one calls the insertion matched. An ellipse is described by three 
parameters. Since the area is fixed, two parameters are left per ellipse. Hence, the 
ellipses in the horizontal and vertical phase plane impose a further set of four conditions-
Taking into account also the matching of the off-momentum orbits yields in total eight con
ditions. Since position and strength of one lens represent two free parameters, at least 
four lenses are required in each ring to meet the eight conditions. Normally, more than 
four lenses are needed due to geometrical constraints. If one does not find space for them, 
the insertion will not be perfectly matched. 

at the intersection 

anywhere 

*-Z 

Fig . 5.3 Ver t i ca l phase p lane . 
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In order to estimate the gain in luminosity we recal l Eq. (3.9) which i s repeated 
here for convenience 

where Byi i s the instantaneous wave-length of the betatron motion a t the intersection point 
divided by 2TT. By focusing very hard, the By-j, resp. the wave-length i s reduced, h de
creases and the luminosity being inversely proportional to h wil l augment. Since the to ta l 
number of betatron osci l la t ions should be the same as before, the wave-length must become 
very long in other parts of the insert ion. This i s i l lus t ra ted in Fig. 5.4 where a single 
par t ic le i s tracked through i t . Thus, the 6-value wil l be very high next to the interaction 
point requiring increased aperture by vir tue of Eq. (3.9). 

i 
I 

Fig. 5.4 Betatron osci l la t ion; 
a) in the unperturbed machine, and 
b) in a low-B insertion. 

* i The luminosity is obviously increased by the factor (Bvl/^vi ) 2 where the asterisk 
refers to the value in the insertion. Table VIII gives the improvement expected from 
low-B sections planned for the ISR. The one using steel quadrupoles 5 6 ) is actually in
stalled and the first tests were successful 5 7^. The one with superconducting quadrupoles 
is under construction ^8), 
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Table VIII 
Low-3 insertions 

Number of lenses L*/L 

normal ISR - 1 
steel 5 2.3 
superconducting 6 ^ 6.8 

These factors should be regarded as lower limits. A n example of the layout of quadrupoles, 
labelled Q^, is presented in Fig. 5.5. Various problems arise due to the presence of such 
an insertion: 

i) the beam-beam forces will drive even resonances of low harmonic number s; 

ii) tilts of these very flat beams can affect seriously the luminosity; 

iii) high gradients are needed which can be achieved only by admitting high 
magnetic fields 5 to 6 T at the superconductor; 

iv) the space at the intersection points becomes more limited for the experiments. 

SOLENOIDE 

Fig. 5.5 Layout of a low-(3 insertion. 

5.3 Reduction of crossing angle 

Inspection of the luminosity formula (3.4) suggests that the luminosity can be further 
increased by reducing the crossing angle. The maximum gain will occur at vanishing 
crossing angle where the formula (3.4) 

L -v, I2 

h tg a/2 

has to be replaced by ->") 

L % 2 1LA 
h w 
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The parameter Si is the length of the interaction region and w the width of the beams, which 
did not matter with finite crossing angle but becomes very important in this geometry. The 
two geometries are sketched in Fig. 5.6. Notice the difficulty with medium angle experi
ments in the zero angle scheme, where a good part of the solid angle is obstructed by the 
separating magnets. If 

w/A < tg a/2 = 0.26 C5.2) 

a zero crossing angle insertion becomes superior to the present ISR layout. Obviously, a 
small beam width is imperative. Since the momentum spread is the principal cause of the 
beam width, we require at least a vanishing momentum compaction in the insertion. For 
maximum performance the vertical and horizontal B's must be small as well. 

Fig. 5.6 Crossing geometries. 

+ 
J OUTER ARC 

Fig. 5.7 Layout of an insertion combining low-f5 and small crossing angle. 
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Such a geometry has been contemplated some time ago 6 ° ) } however, without a low-B 
insertion. Later proposals combine small crossing angles, low-g and vanishing momentum 
compaction 5 9 » 6 1 J . Luminosities up to 10 3 3 cm"2 s"1 seem to be attainable in the most 
advanced version making use of superconducting magnets and quadrupoles. Major re
arrangements of the ISR structure around the crossing region are common to all the 
proposals. An example °1) is given in Fig. 5.7. 

6. STORAGE OF OTHER PARTICLES 
6.1 Polarized protons 

Two different methods for obtaining polarized protons in the ISR have been suggested. 
The first method is polarization of the circulating beam using strong interactions °2K A 
polarized target would be placed into the beam. Particles whose polarization is different 
will interact differently with the target. The process is expected to produce a reasonable 
polarization of the beam particles. A beam of about 3 A with 101 polarization seems to be 
feasible 6 3 ) . 

The second method proposes the use of a polarized ion source in the PS. The polarized 
beam is accelerated and transferred to the ISR where it is stacked in the usual way. If we 
assume that the PS can deliver 2 x 10 9 polarized protons, as many as one has already 
accelerated in the ZGS in Argonne 64) > a stack current of 10 mA seems to be feasible " 5J. 
The expected luminosity is 

L = 6 x 1 0 2 7 cm"2 s _ 1 

if we assume that the polarized protons collide with a 30 A beam in the other ring. De
polarization will occur due to various effects 65): 

i) depolarization resonances 64); 
ii) depolarization from intra-beam scattering; 
iii) diffusion of spin vector by randomization due to intra-beam and gas scattering, 

but none of them seems to give a high depolarization rate for the stored particles. The 
first effect limits performance only at energies beyond 18 GeV °5J in the ISR. It is most 
serious during acceleration in the PS. 

6.2 Antiprotons 

The proposition is to collect 28 GeV antiprotons down-stream of an external SPS target 
and stack them into the ISR after transfer K Fig. 6.1 illustrates the layout of the 
transfer channel. The momentum of the primary protons is 200 GeV/c in the beam line from 
the SPS to the West Hall. 

The number of antiprotons in the stack can be estimated without detailed consideration 
or knowledge of the actual procedure by multiplying the density of the antiproton beam 
after the target with the available phase space in the ISR. An upper limit is obtained in 
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West Hall 

Fig. 6.1 Layout for antiproton injection into the ISR. 

this way which can be converted into a reasonable estimate by taking into account the 

efficiencies of the various beam manipulations. The upper limit for the density is given 

by 

d-
3 ZN 

SPS an 3p (6.1) 

where Xgpg is the number line density of the primary proton beam. The quantity 82N/8Œ 3p 

is the number of antiprotons emerging from the target per interacting primary protons, which 

go in the forward direction into a solid angle dfi and fall into the momentum interval 

p to p + dp. The available phase space volume V is 

V-ISR = AŒ 
Ap_ 2R IT (6.2) 

where Afi is the solid angle corresponding to the ISR acceptance, Ap/p is the total momentum 

spread accepted by the ISR whose circumference is 2R IT. The solid angle 

Afi = z' x 1 Tf (6.3) 

can be expressed in terms of emittance. Imagine that we inspect a betatron phase plane 

right at the target. The ellipse will look as indicated by Fig. 3.4 with target radius as 

the minor axis and z 1 as the major axis. Hence 

Ey = z' r TT 

The same applies to the horizontal phase plane and we get 

\r TT/ \r IT/ 

(6.4) 

(6.5) 
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The upper limit for the number of antiprotons becomes 

N- = d- V T C D p p ISR 

where we grouped together parameters pertaining to the SPS, the target and the ISR. We 
assumed that the emittances are the same in horizontal and vertical direction. 

Notice that it is the line density of the beam in the SPS which matters. Thus, we 
will not spread out the PS beam over the whole circumference of the SPS as this is planned 
for the normal operation, but we keep it together and fill a minimum number of SPS bunches. 
Assume that the PS operates with the booster and gives 10 1 3 particles grouped in 
20 bunches. The line density in a 25 n s long PS bucket is 

X p s = 6 x 10 1 0 m"1 

The SPS bunches contract by a factor 5 during acceleration. Hence 

A s p s = 3 x l 0 - m -

The quantity 92N/8fi 3p can be obtained from the thermo-dynamic model 

0.5 sr _ 1 GeV/c-1 82N 
an 8p 

With a target radius of 1 mm and an ISR momentum bite of 21 the upper limit for the number 
of antiprotons becomes by virtue of Eq. (6.6) 

N- < 2.6 x 10 1 0 

P 
where the emittance E was put equal to the acceptance of the ISR, E = 10" 5 ir rad m. The 
above number of antiprotons has to be multiplied by various efficiency factors 

trapping and accelerating in the SPS 0.4 
target efficiency 1/e 
trapping in the ISR 0.35 
stacking in the ISR 0.5 

The product of all these factors is 0.02. Multiplying the upper limit with it gives 

N- = 7 x 10 8 

P 
This corresponds to a current of 35 uA. Colliding a 20 A proton beam with the antiprotons 
yields by virtue of Eq. (3.4) 

L 5 10 2 5 cm"2 s"1 
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for an effective beam height of 1 cm. Assuming for the total cross-section of proton -
antiproton reactions 40 x 10" 2 7 cm - 2 the event-rate per intersection becomes 0.4 s - 1 by 
virtue of Eq. (3.3) which is on the limit of usefulness. 

On top of this, various teething problems have to be solved before such a scheme be
comes feasible: 

i) acceleration of high density bunches in the SPS which are not uniformly dis
tributed around the circumference; 

ii) trapping and stacking of such feeble currents in the ISR. 

Thus, the storage of antiprotons does not appear to be something which one expects in the 
near future. 

6.3 Deuterons 

After the feasibility of deuteron acceleration had been demonstrated in the CERN-PS ' 

deuteron storage in the ISR was considered 68). i n a recent study 64) it was indicated 
that one may hope for 10 1 2 deuterons per pulse from the PS. We will take this as an upper 
limit. As a lower limit we adopt 0.15 x 10 1 2 which corresponds to half of the number of 
particles which was already obtained at the end of the PS linac. The factor one half is 
introduced to take into account loss or dilution at the point in the PS-cycle where one has 
to switch from harmonic number 40 to 20 68,69) # ^his switching of mode numbers is required 
by the low revolution frequency of the deuterons at injection and the limited frequency 
range of the RF system. 

Stacking in the ISR is straightforward. In order to estimate the stacked current with 
deuterons, the bunch area A must be known. The lower limit is A = 10 mrad 6 9 ) and the 
upper limit is 20 mrad ' \ According to Eq. (3.15) the stacked current scales as 

I ^ A mc (6.7) 

where Np is the number of particles in a single pulse and m is the rest mass of the 
particles under consideration. Table IX shows the result of scaling from the proton case. 

Table IX 
Performance with deuterons 

Case A I 
^ A(6Y) % A 

protons 

deuterons 

1.8 x 10 1 2 0.01 25 
j 1 x 10 1 2 0.01 7 
( 0.15 x 10 1 2 0.02 0.5 

One may argue that it is too pessimistic to combine lowest intensity with maximum 
bunch area and vice versa. Combining lowest intensity with small bunch area and higher 
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intensity with larger bunch area yields 1 A to 3.5 A. This is the most probable range in 
current. A luminosity of about 1 0 3 0 cm - 2 s - 1 pertains to it which is close to the design 
value of the p-p luminosity. Hence, one can expect ample counting rates. Luminosity 
scales like p " for p « 26 GeV/c as for the protons. Acceleration of the deuterons to 
31.4 GeV/c can be done in the same manner as for the protons -*. The lower limit on the 
momentum of stored deuterons is 19 GeV/c. It is given by the lowest frequency at which the 
ISR RF system can operate. 

Thus p-d collisions at the ISR can be seriously envisaged as we seem to have a good 
injector for this kind of particles. Deuteron storage can be performed as soon as the PS 
accelerates deuterons operationally, and if one is convinced that the deuteron-proton 
physics is worth the curtailment of the proton-proton programme. 
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