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ABSTRACT 
This report presents the conclusions of a Study Group, set up early 

in 1976 at CERN, to examine the feasibility of constructing a large electron-
positron storage ring (LEP). The assumed centre-of-mass energy of 200 GeV 
and luminosity of about 1 0 3 2 cm - 2 sec - 1 would meet the experimental-physics 
requirements considered by a parallel Study Group. The machine would have 
an average radius of about 8 km and provide eight experimental-physics in
sertions with 10 m of free space either side of the crossing points. 
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1. INTRODUCTION AND SUMMARY 
Early in 1976, two Study Groups were formed at CERN to examine the feasibility of de

sign and the possibilities for physics research of a large electron-positron storage ring 
(called LEP) with a c m . energy of 200 GeV and a luminosity of the order of 10 3 2 cm - 2 sec - 1. 
A report ' has already been published on the possible scope and nature of physics experiments 
that could be done at such a facility. The present report outlines the work of the Study 
Group that has been considering the design of the machine itself. 

Details of the design were discussed in February, 1977, at DESY (Hamburg) by represen
tatives of the European high-energy physics community in a meeting sponsored by the sub
committee ECAS (ECFA Committee for Accelerator Studies) of the European Committee for Future 
Accelerators (ECFA). At its meeting in May, 1977, ECFA carried on discussions for future 
high-energy facilities in Europe, and decided to recommend to the CERN Scientific Policy 
Committee that "an electron-positron storage ring of about 200 GeV c m . energy, possibly 
with an initial phase of 140 GeV, be considered by the high-energy physics community as the 
prime candidate for a major European project in the 1980's". 

It was obvious from the start that the design of a machine of this energy could not be 
derived simply by scaling parameters from existing electron storage rings or from those now 
under construction. Some preliminary ideas arose from a cost optimization procedure pro-
posed by Richter ' . Parameters were then adjusted through studies of the beam dynamics, 
performance, and some of the engineering aspects of LEP. Its injector was studied at the 
Rutherford Laboratory. 

In order to have a definite basis for the study, the following fixed parameters were 
chosen: 

Maximum energy in each beam E 100 GeV 
Luminosity at maximum energy L 10 3 2 cm - 2 sec - 1 

Number of crossing points N 8 
Free space around the crossing points I. f ±10 m 

These parameters meet the requirements for the physics experiments that have been con
sidered1-^. The effects of changes in these parameters were not investigated in detail. 
However, some simple scaling laws for the parameters of machines with other energies and/or 
luminosities are given in Section 9. 

It is assumed that LEP is housed in an underground tunnel bored through rock, much the 
same as the SPS tunnel, on a hypothetical site. The crossing regions are large caves connec
ted to the outside world by vertical shafts. The klystrons and associated equipment are in 
enlarged portions of the ring tunnel. By assuming this arrangement, cost estimates for the 
civil engineering work have been scaled, by volume, from SPS costs. 

We publish the results of our studies at this time, since a global picture of the 
various aspects of the construction of a machine such as LEP was required for the discussions 
by ECFA mentioned above. Some of us feel that there are even more unanswered questions now 
than there were at the beginning of the Study; nevertheless, we have obtained a much clearer 
picture of the difficulties associated with building an electron-positron storage ring in 
the energy range recommended by ECFA. 
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1.1 Aims and scope of the study 

On the basis of the performance parameters E, L, and &.. given above, and the machine 
parameters given in Section 1.2, the Study Group set itself the following aims: 

i) to develop a complete linear lattice; 

ii) to investigate beam dynamics phenomena such as chromaticity correction by sextupoles 
and its consequences, and the effects of magnet and alignment errors; 

iii) to study possibilities of realizing this lattice with practical magnet, vacuum, and 
RF systems; 

iv) to design an injector and injection scheme which supplies the required electron and 
positron currents in a reasonable time; 

v) to include cost estimates for the technical components based on recent experience at 
CERN and other European laboratories. 

A study of all aspects of LEP would have required more people and time than were avail
able, and seemed inappropriate at this time. Hence the scope of the study has been adjusted 
accordingly. The primary aim was to establish the feasibility of the concepts underlying 
the design, leaving aside the optimization of individual components, the investigation of 
alternatives to the solutions chosen, and detailed engineering studies. 

As expected beforehand, during the development of the study the preliminary design had 
to be modified in order to circumvent difficulties. Since the design was originally based 
on extrapolated PEP cost figures, a cost optimization based on the unit prices obtained 
during the study leads to a different set of machine parameters from the one on which the 
design is based (cf. Section 9). This dilemma cannot be resolved in a single-pass design 
study. 

1.2 Cost optimization procedure 
for finding parameters 
The size of LEP is determined by the following simple expression which relates the 

luminosity L of an optimized machine to its main parameters: 

AQ P,(MV) P(km) 
L(cm"2 sec - 1) = 1.23 x 10 3 6 2 . ( 1 # 1) 

E3(GeV) 6 *(m) 

Here AQ is the maximum permissible beam-beam tune shift, usually assumed to be about 0.06, 
P, is the RF power delivered to both beams, p is the bending radius, and 8 * is the vertical 
amplitude function at the crossing point, which is typically about 0.1 m. The units of 
these quantities are given in brackets. It is clear from Eq. (1.1) that at constant L, 
AQ, 8 *, the product P, p scales as E 3. Assuming the above values for AQ and 8 *, P̂  P 
reaches a value of 136 GWm, a factor of 300 higher than in a 15 GeV machine. 

2") 

Separate scaling laws for P, and p can be obtained by cost optimization ' . For th i s 
purpose, the cost C of the machine is divided into six components: 

C = ki 2TT p + k 2 ( P b + P d ) + k 3 L c + k- Y H(Pfe + P d ) / e + k 5 Y H(Pb + P d) + k 6 . (1.2) 
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The coefficients k. are unit prices. The terms in Eq. (1.2) have the following meaning, 
from left to right: 
i) The ring cost includes the tunnel, magnets, vacuum system, and associated equipment. 

It is assumed to be proportional to the bending radius p. 
ii) The power installation cost is proportional to the sum of the beam power P, and the 

power dissipated in the cavities P,. 
iii) The cost of the RF accelerating structure is proportional to its length L . It in

cludes the cost of the tunnel to house it, and the vacuum system and associated equip
ment. 

iv) The next two terms give the capitalized cost over Y years of electric power and of 
klystron replacement, respectively. Both are assumed to be proportional to the sum 
(P, + P,), the equivalent operating hours H per year at maximum energy and the life
time Y of the machine. The efficiency of converting a.c. power to RF power is called 
e. 

v) The fixed cost contains the injector, the experimental areas, and general expenses 
which are assumed not to depend on the machine optimization. 
The optimization may be simplified by observing that some of the free parameters are 

related by the following expressions: 
P b = 686 7 P (1.3) 

and 
T rwi - 1.02 x 10 5 6 8

 M ... 
L (km) = . (1.4) 

u P d p 2 Z(W2/m) 
The numerical values in Eq. (1.3) and Eq. (1.4) correspond to 3 * = 0.05 m. This value of 
3 * seemed feasible at the beginning of the Study. It soon turned out to be unrealistic, 
and was replaced by 3 * = 0.1 m; <5 is the energy in units of 100 GeV. The shunt impedance 
per unit length Z is defined as Z = V R p

2/(Pj L ), and a value of Z = 20 H2/m is assumed in 
the following. Using these relations, the cost optimization becomes a simple problem in 
only two variables. The optimum values for p and P, are: 

2 _ 686 3(k 2 + k,, Y H/e + k 5 Y H) + 640ô"[k3(k2 + k„ Y H/e + k 5 Y H)]* p (l.jj 
2ir ki 

and 
1.02 x 10 5 k 3 Ô 8 

p

d

2 = i l • c 1 - 6 ) 
a p 2 Z(k2 + k., Y H/e + k 5 Y H) 

From the unit prices derived from the PEP cost estimate, and the assumptions that the annual 
operation of LEP is equivalent to H = 3000 hours at 100 GeV and that the lifetime is 
Y = 10 years, the following geometrical parameters were obtained J : 

p = 6.1 k m /-•] y> 
L = 2.8 km . c 
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These figures form the starting point of the detailed LEP lattice design. Salvini and 

Tazzari -* have made different assumptions about the equivalent annual operating time, and 

obtained different values of p and L . 
c 

1.3 Brief description of LEP 

A short list of machine parameters is given in Table 1.1, and an extensive parameter 

list in the Appendix. Some of the reasoning behind our choice of parameters is explained 

below. 

Table 1.1 

Short list of LEP parameters at 100 GeV 

Luminosity L (cm - 2 sec - 1) 1.117 x 10 3 2 

Beam-beam tune shift AQ 0.06 

Number of bunches k. 32 

Circulating current I (mA) 15.34 

Horiz. ampl. fct. at crossing S x* .(m) 0.625 

Vert. ampl. fct. at crossing B y* (m) 

rossing a * 

0.1 

Horiz. r.m.s. beam radius at c 

B y* (m) 

rossing a * (pin) 93.6 

Vert, r.m.s. beam radius at crossing a * 

Beam-beam bremsstrahlung lifetime T, , (X 

(pm) 37.4 Vert, r.m.s. beam radius at crossing a * 

Beam-beam bremsstrahlung lifetime T, , (X 13.9 

Quantum lifetime x (h) 10 

Free space near crossing I. . (m) ±10 

Bending radius p (km) 6.135 

Average radius R (km) 8.190 

Cell length L (m) 81 

Tune Q 106.24 

Horiz. aperture A (mm) ±67 

Vert, aperture A (mm) ±39 

RF frequency f̂ p (MHz) 350 

Synchrotron radiation loss U (GeV) 1.44 

Higher-mode loss U (MeV) 120 

Peak RF voltage Vjy, (GV) 1.72 

Active length of RF structure LRP (m) 2469 

Synchrotron radiation power (2 beams) P, (MW) 44.2 

Fundamental mode RF dissipation P, (MÏ) 59.7 

Total RF generator power P 

Synchrotron oscillations/turn 

(MV) 109 Total RF generator power P 

Synchrotron oscillations/turn 0 
ŝ 

0.08696 

1.3.1 Lattice oonoept and performanae estimate 

The LEP lattice must have the following properties: 

i) The amplitude functions must have low adjustable values 6 * and @ * at the crossing 
x y 

points. This arises from Eq. (1.1) which shows that, for a given luminosity L, the beam 

power P, is proportional to g *. How small g * can be depends on the bunch length, on the 

ability to correct chromatic effects which become worse when 3 * gets smaller, and on the 
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beam-beam bremsstrahlung lifetime x,, which is proportional to 3 *• After trials of several 
other values, a value 3 * = 0.1m has been adopted in order to obtain a reasonable value of 
x,, . The chromaticity has been corrected at this value of B * by ways described in 
Section 2.3. The ratio 6 */3 * determines the amount of coupling K required to obtain the 

y x 
desired axis ratio of the beam radii at the crossing points. This should be larger than 
the coupling present in the machine from unavoidable skew fields, which are mainly driven 
by closed-orbit errors and are expected to lead to almost complete coupling, K = 1. This 
would require 3 * to be equal to g * to minimize the circulating current but may lead to 
excessive chromatic aberrations in the x-direction. Instead, we have chosen 6 * such that 
the maximum values of 3 and B are about equal and have raised the stored current accor
dingly. 

ii) The dispersion at the crossing points n* must vanish in order to make the beam size 
there independent of the energy spread of the beam, which may vary because of bunch widen-
ing '. The dispersion must also vanish in the very long straight sections occupied by the 
RF system, in order to avoid the excitation of betatron-synchrotron coupling resonances. 
By the choice of n* = 0, the Amman effect , which yields an upper limit on n*> is avoided. 

iii) The dispersion n in most of the lattice must be adjusted to obtain the required 
beam size at the maximum energy. This is done by choosing the number of cells and the phase 
advance per cell. For the latter, a value of about 60° has been adopted because it leads 
to a simple design of the dispersion suppressor and favourable conditions for the chromaticity 
correction. 

iv) In order to obtain a weaker variation of the luminosity than E1*, the beam size at 
energies below 100 GeV must be artificially increased. This is achieved by a system of 
wiggler magnets which are installed in a special insertion where the dispersion reaches 
about twice the regular lattice value. In this manner a constant luminosity from 50 to 
100 GeV, and a L ̂  E 2 below 50 GeV are obtained. Extension of the range of constant lumi
nosity over more than a factor of 2 in energy would require more complicated lattice modifi
cations and even more aperture. 

In the lattice design adopted, manipulation of the dispersion by leaving out and modi
fying bending magnets allows all these requirements to be met. This leads to the regular 
behaviour of the lattice functions 3 and 3 shown in Figs. 1.1 and 1.2. The regular be
haviour stops at the fourth quadrupole from the crossing point. From this point onwards, 
one must let B and 3 increase in order to achieve the very small values required at the x y 
crossing points. This operation needs four variable quadrupole gradients. The choice of 
the free space around the crossing points I. = ±10 m is closely related to the design of 
the machine lattice next to the crossing points and to the chromaticity-correction scheme, 
and also to the size of the detectors to be installed. A study of experiments which can be 
done with LEP has shown that the space provided is adequate for most of them ' . At constant 
3 *, and hence L, chromaticity correction becomes more difficult when i. t is increased. 
If one is limited by chromaticity correction one must let B * and 3 * increase in proportion 
to A. . Hence, in a machine in which I. in some interaction regions is larger than the 
nominal value, those interaction regions invariably have a lower luminosity than the nominal 
one. If, on the other hand, one is not limited by chromaticity correction, then one is free 
to increase it. . at constant 3 * and B *, and hence constant luminosity. 
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Fig. 1.1 Lattice functions near the crossing point 
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Fig. 1.2 Lattice functions from the crossing point to the nearest normal cell 
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Estimates show that no transverse polarization is to be expected in LEP over most of 
its operating range -1. Consequently, no provision has been made in the lattice to rotate 
the polarization vector into the beam direction. The likelihood of finding narrow reson
ances in experiments is rather restricted by the energy spread in each beam, a = 108 MeV 
at 100 GeV, leading to a cm. uncertainty a = 150 MeV. If bunch lengthening and widening ' 
occurs, a and a might actually be even larger. The only known way of reducing the energy 
spread at maximum energy is the increase of the bending radius p, since a <* 1/v̂ p. In a 
machine of the size of LEP this does not seem to be a practical proposition. In principle, 
it is possible to reduce a at fixed a by modifying the lattice such that the vertical 
beam size at the crossing points is mainly determined by the vertical dispersion r\ * obtained 

7") y 
by vertical electrical deflection -". It is doubtful whether such a scheme could be realized 
in LEP even if one were to accept the concomitant reduction in luminosity. 

The machine aperture must be at least A = ±(10 a + 20 mm) and A = ±(10 a, _ o v + 
X XjHlciX y y jIuHX 

+ 10 mm), where a and o m < i v have to be taken at the energy where they are largest. 
This occurs at 50 GeV because of the constant luminosity down to that energy. The remaining 
aperture allows for closed-orbit distortions. 

The lattice design is based on 32 equidistant bunches in each beam. These bunches 
cross at 64 places around the circumference unless they are separated in those places where 
they should not cross. Since the beam-beam tune shift from 64 crossings is clearly too 
large, the beams must be separated in 56 of them. The electrostatic fields required to keep 
the deflection and tune shift of one beam due to the other one within reasonable limits are 
technically feasible. The choice of the number of bunches, k, = 32, was determined by con
sidering the beam loading of the RF system. 

The most stringent requirements on the closed-orbit distortions, due to magnetic field 
errors and alignment errors, do not arise from the magnet aperture but rather from the ver
tical dispersion, from changes in the partition numbers for damping of betatron and synchro
tron oscillations, and from the excitation of half-integral and linear coupling resonances. 
The handling of these effects requires a complete set of diagnostic and correction devices. 
Studies are continuing on the understanding and reduction of this unpleasant sensitivity of 
LEP to closed-orbit errors. 

1.3.2 RF system 

Some parameters of the RF system, such as the voltage per turn and the power necessary 
to compensate the losses due to synchrotron radiation, are fixed once the lattice and the 
performance of the machine are defined. The total length of the RF system is a result of 
the cost optimization, and the shunt impedance should be as high as possible. 

The only RF parameter which appears to be reasonably free at the beginning is the fre
quency for which values in the range from 200 MHz (the SPS frequency) to 500 MHz (the DESY-
DORIS-PETRA frequency) have been considered. In some ways, a high frequency is preferred 
in order to limit the physical size of the cavities and the power dissipated per unit length 
of RF structure. Also the cost of RF power sources tends to decrease with increasing fre
quency. On the other hand, the frequency of synchrotron oscillations 0 increases with the 
RF frequency. It is of some importance in relation to betatron-synchrotron coupling reson
ances and should be less than about 0.1. With the chosen values of 3 * and g , the influence 
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of the RF frequency on the bunch length is unimportant. As a compromise between these con
flicting requirements, the average frequency between the two limits, 350 MHz, has been chosen. 
It is the same as the choice for SPEAR and PEP. 

The quantum lifetime x is the lifetime of the beam with respect to the emission of 
very energetic synchrotron-radiation photons which cause the electron or positron to jump 
out of the energy acceptance of the RF system. It has been fixed at 10 hours for all ener
gies from 20 to 100 GeV, although it could be doubled by a very modest increase of the RF 
voltage, e.g. by 4 MV at 100 GeV, should the need arise. 

In order to complete the parameter list of the RF system, its interaction with the beam 
must be considered. The interaction between the beam and the driven fundamental mode in the 
RF cavities is usually called beam loading ', while the interaction with other modes in the 
RF cavities and all modes in other boxes is called higher-order mode losses. 

One would naively expect that the RF power to be supplied by the RF power source is 
given by the sum of the power absorbed by the beam, and the power dissipated in the walls 

9") 

of the RF cavities . This holds as long as x 0 « 1, where x 0 is the ratio between the 
bunch spacing and the filling time of the RF cavities. For values of x 0 > 1, the RF power 
increases quite steeply. This is both costly and undesirable because of the associated in
crease in Q . At given beam power, the energy absorbed by a bunch during one revolution is 
proportional to the bunch spacing, and this energy must not exceed the energy stored in the 
RF system before the bunch passage. Hence, for bunch spacings above a certain limit, the 
RF cavities must be prepared for the bunch passage by storing more energy in them than would 
be necessary if the same total current were stored in more bunches. It is this consideration 
which has led us to choose 32 bunches in each beam, resulting in x 0 =0.2. 

The calculation of the higher-order mode losses in the RF cavities is quite straight
forward ' if the bunch length is known. We expect the bunches to be lengthened beyond 
their zero-current length (cf. Section 2.7). The evaluation of the higher-order mode losses 
in parasitic cavities is more difficult. We assume that the impedance per unit length is 
smaller than in SPEAR by a factor of about 5. This is not unreasonable bearing in mind that 
LEP cells are much longer than SPEAR cells, and that SPEAR was built before the importance 
of these losses was realized. Although the compensation of these losses needs RF voltage 
and power, which are costly, their most dangerous aspect is local heating of individual com
ponents. Altogether, we estimate the loss into higher-order modes to be 120 MeV/turn, cor
responding to a power of 1.8 W/beam. 

Since the bunch spacing corresponds to about 2000 RF cycles, modulation of the RF 
system with the bunch frequency could save RF power. A scheme in which the RF energy is 
transferred periodically between a low-loss storage cavity and the accelerating cavity has 
been considered11 , but detailed study and development work is needed before one can judge 
whether this is economically profitable. 

1.2.3 The magnet and vacuum system 

It is at present foreseen to inject electrons and positrons at 20 GeV. Since the mag
netic field is only 0.0535 T at 100 GeV, it is as low as 0.0107 T (107 G) at 20 GeV. This 
low guide field excludes its use for distributed ion pumps at the same time. It is also 
rather low compared to the remanent field to be expected in magnets with iron pole pieces. 
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There are two alternatives for the design of the vacuum system: the use of either dis

tributed or lumped pumps, each with their own magnetic fields. The installation and opera

tion of 50 km of distributed ion pumps appears rather unattractive. Therefore, the design 

calls for a lumped system with pumps only at regular intervals. Since the gas load from 

synchrotron radiation is roughly uniformly distributed along the circumference, the whole 

machine must be connected to the pumps by pipes of sufficient conductance. There are two 

alternatives to reach this goal: either the diameter of the vacuum chamber is chosen large 

enough so that its conductance is adequate; or a vacuum chamber which fits tightly around 

the beam is connected transversely to a vacuum manifold of adequate conductance. With the 

beam aperture required for operation with full luminosity at 50 GeV, the difference in the 

size of the vacuum chamber between these two alternatives is not large. Hence the beam pipe 

is used as the vacuum manifold. 

A circular beam pipe does not have the most favourable shape for the design of a C- or 

H-shaped magnet with iron pole pieces. This fact, together with the low injection field 

mentioned earlier, has led us to consider a magnet design in which the field is created by 

shaped conductors that fit tightly around the beam pipe. The quadrupoles and sextupoles 

have considerably higher pole-tip fields and are of conventional design. 

1.Z.4 Injection 

Electrons and positrons are injected into LEP from a rapid-cycling synchrotron at 

20 GeV. A synchrotron is proposed because a linear accelerator would be more costly and 

result in a longer filling time for positrons. Straightforward positron injection into LEP 

is inadequate to ensure a filling time of some 10 minutes. Two schemes are proposed to en

hance the filling rate. In the first scheme, the required total charge is accumulated in 

LEP in 960 positron bunches. They are then concentrated into 32 bunches by a scheme similar 
12") 

to that proposed for the Cornell storage ring , the injector being used as a delay line. 

In the second scheme, a positron accumulation ring at 650 MeV is inserted between the positron 

linac and the injector synchrotron. Positron bunches of the required intensity are accumu

lated in it, and then accelerated in the synchrotron and stored in LEP. 

1.4 Summary of the cost estimates 

Some very preliminary cost estimates have been made for LEP, divided into three parts: 

injector, main ring, and insertions. 

The cost of the injector synchrotron including the transfer lines and injection equip

ment into the main ring is believed to be about 140 MSF. 

The main-ring cost is based on ŒRN experience for all components except the RF system; 

the cost of the latter is extrapolated from PETRA cost figures. The total cost of the main 

ring is 2100 MSF. 

An interaction region is expected to cost from 15 to 30 MSF, depending on its size. 

All these cost figures do not include the ten-year capitalized cost of electric power 

and klystron replacement which are estimated to amount to 42.9 MSF/year for an annual opera

ting time of 3000 hours at maximum energy. Estimates of the total annual operating costs 

are given in Section 8. 
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The above costs, in total adding up to about 2400 MSF, are for a machine with parameters 
as analysed in this report. However, with the unit prices given in Section 8, it is possible 
to make a further optimization of the machine parameters to reach a cost that would be about 
6% lower. This newly optimized machine has not been analysed in detail. 

BEAM DYNAMICS AND PERFORMANCE ESTIMATE 
2.1 The LEP lattice 

The lattice design is based on the fixed parameters mentioned in the introduction: 
E = 100 GeV, L = 10 3 2 cm"2 sec - 1, eight crossing points, St,. = ±10 m; and on those found 
by cost optimization in Section 1.2: p = 6.1 km, L = 2.5 km. It follows the procedure of 

1 3"! C 

designing electron-positron storage rings ' employed in SPEAR, PEP, and PETRA, taking into 
account the changes required by the increased energy and size of LEP. In particular, the 
lattice must have the following properties: 

i) Since the luminosity is inversely proportional to 3 * as shown in Eq. (1.1), 3 * 
must be small at the crossing points in order to keep the beam power within reasonable limits. 
Since it is uncertain how small the value of 3 * can actually be, the lattice must provide 
the capability of adjusting it over some range. It was found during the study that the beam-
beam bremsstrahlung lifetime T, , becomes the smallest beam lifetime when 3 * is smaller than 
about 0.1 m. Consequently, this value was adopted for the design. It was decided that the 
chromaticity correction must be able to handle the consequences of this value. How well 
this aim has been reached will be discussed in Section 2.3. 

ii) The dispersion n* at the crossing point should vanish. This choice makes the beam 
size there independent of the energy spread in the beam, which may vary owing to bunch 
widening ' . It also leads to the maximum aperture requirement in the normal lattice and 
hence is a "safe" design choice. Finally, it avoids the Amman effect , which imposes an 
upper limit on n*: 

n* < J 
6 x* a R[l + 2TT AQ ctgCQir/iy]!* 

4N x AQ 
(2.1) 

where 2irR is the machine circumference and a is the momentum compaction. For LEP parameters 
the limit is 

n* < 0.62 m . (2.2) 

iii) The optimum coupling K, where the horizontal and vertical beam-beam tune shifts 
are equal and a specified luminosity is achieved with the minimum current, is given by 
K = /3 */3 *, for a machine with n* = 0. Because of unavoidable magnet excitation and align-

y x 

ment errors, K is expected to be not much smaller than unity. The design is based on K = 1 
in order to guarantee the design luminosity despite the coupling. In this case it is best 
if 3 * is equal to 3 *. However, it is well known that in a low-3 insertion 3 * is usually 
higher than 3 * by a factor of several units, because of aperture problems in the horizontally 
focusing member of the quadrupole doublet, and because of a fear of large chromatic aberra
tions in the horizontal plane. For these reasons, fî_* = 0.625 m has been chosen. The beam 
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radii at the crossing point a* and a * are not in the ratio r = B */B *, and hence the cir-
x y x y 

culating current must be raised by a factor f = r/(l + /r) = 1.8 above the optimum value. 
The beam power increases by the same factor £. 

iv) In order to house several kilometres of RF system, very long straight sections must 
be provided. In these regions, the amplitude functions B and B should remain within rea
sonable limits since they determine the size of the beam holes in the RF cavities which 
should be as small as possible. An upper limit on the dispersion n in the RF straight sec-mi tions is given by the excitation of betatron-synchrotron coupling resonances '. The growth 
time T on resonance is 

<n> Q_ c 
(a R(B>y (2.3) 

s " "s 
where c is the velocity of light, and (B) and (n) are average values of the amplitude func
tion and the dispersion over the RF cavities. Comparing T to the damping time of horizontal 
betatron oscillations T leads to a tolerance on (n): 

i <n )< TT-f-: (ff^J- W xs x v- ^s 

Using LEP parameters, one finds 
(n) < 0.4(E/100 GeV) 3 (m) . (2.5) 

This is slightly pessimistic since the reduction of T below 100 GeV by the wiggler magnets 
has been neglected. A similar tolerance applies to the vertical dispersion driven by closed-
orbit errors. A clean way of avoiding this effect is by imposing the condition n = 0 in all 
the RF straight sections. This and the previous condition, n* = 0, are easily satisfied to
gether if the low-B insertion and the RF straight section are contiguous and do not contain 
bending magnets. The long straight section thus obtained is most useful for shielding the 
equipment near the crossing points from synchrotron radiation generated in the arcs. 

v) The design of an optimized machine requires that the beam radii at the crossing 
points be adjusted such that the beam-beam tune shift limit is just reached at the design 
luminosity. This can be done by choosing the tune Q of the machine, varying the number of 
cells in the normal lattice. The tune Q is given by 

E7(GeV) k i (1 + / B V B * ) 2 

Q 3 = 0.52 x 10- 6 5 Y x (2.6) 
p2(km) Pb(MV) 2 /B x*/B v* 

where k is the number of bunches. This equation fixes the magnitude of Q. Its exact 
value, Q = 106.24, is determined by inspecting the systematic resonances for a machine with 
eight superperiods, which are shown in Fig. 2.1. In the range 106 < Q < 106.5, the lowest 
order of a systematic resonance is 7. The tune chosen is also outside the half-integral 
stopband driven by the beam-beam effect just below all multiples of 4. The choice of Q is 
also influenced by the coherent beam-beam instability , whose threshold is shown in 
Fig. 2.2. 
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Fig. 2.1 Systematic resonances for LEP 
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Fig. 2.2 Threshold for coherent beam-beam instability 

vij The control of the luminosity variation with energy described in Section 2.2 re
quires a wiggler insertion in which the dispersion is larger than in the normal lattice. 

In order to obtain all these properties and to follow the rapid changes in basic para
meters, such as 3 *, 6 *, Q, and the number of bunches, during the early stages of the study, 
the lattice design is based on a modular approach with each module just serving one purpose. 
Starting at a crossing point, there are five modules: low-3 insertion, RF straight section, 
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wiggler insertion, dispersion suppressor, and regular cells. The sequence of modules is 
shown in Fig. 1.2. In addition, the dispersion is manipulated by only leaving out some 
bending magnets and modifying others, while the amplitude functions are adjusted by using 
quadrupoles as usual. The detailed layout of the modules, based on these principles, is as 
follows : 

i) A low-6 insertion consists of a doublet of strong quadrupoles and two additional 
quadrupoles which provide the four degrees of freedom required to satisfy the four conditions 
on a *, a *, 8 * and 8 *. The amplitude functions in the low-8 insertion are shown in 
Fig. 1.1. The pole-tip fields of the quadrupole doublet are rather high. A recent develop
ment (too late to be included in this report) is a better insertion -* with weaker quadru
poles, and the capability of varying 8 * and 8 * between one and ten times the design values. 
It has been checked that this insertion can be rematched to compensate the linear part of 
the focusing effect of the other beam by a small change in the quadrupole gradients. 

ii) The RF straight section is obtained by grouping the necessary number of cells, each 
of which consists of the quadrupole arrangement of the regular cells, and no bending magnets. 

iii) The wiggler insertion is composed of about one wavelength of almost regular cells, 
the only difference being three special bending magnets, as shown in Fig. 1.2. Seen from 
the crossing point, the first bending magnet Bl has only about 101 of the nominal field. 
It shields the equipment near the crossing point from synchrotron radiation generated in the 
arcs, as described in Section 7.2. The second special magnet B2 is shorter than a standard 
one, leaving space for the wiggler magnet itself. The fields of the second and the third 
special magnet B3 are used for dispersion matching. 

iv) At the far end of the wiggler insertion, the dispersion has completed approximately 
one wavelength of forced oscillation and is again close to zero. The dispersion suppressor 
matches the dispersion to the regular lattice value. It consists of two normal cells, one 
with and one without bending magnets. 

It follows from the above that the quadrupole arrangement and hence the focusing cor
respond to those in the regular lattice from the RF straight section onwards, resulting in 
the regular behaviour of the amplitude functions shown in Fig. 1.2. 

Although this lattice design provides the flexibility to vary the design tune very 
easily by changing the number of regular cells, it does not provide the possibility of 
varying the tune in a given machine by changing the phase advance/cell. The latter conflicts 
with the approach of manipulating the dispersion by varying bending magnets and hence the 
geometry of the machine, and with the layout of the wiggler insertion. This shortcoming is 
considered unimportant in a lattice whose primary aims are a feasibility study and a cost 
estimate. It would be reconsidered for a lattice with a higher chance of becoming reality. 

The choice of 8 *, 8 *, n* and K described above is a result of the historical develop-x y 
ment during the study. As long as K is a free variable, it can be adjusted to suit the ratio 
8*/8 *• It later turned out that K is likely to be close to unity and, in order to reach 
y x 

the design luminosity, the current and beam power had to be raised by a factor r = 1.8. 
This increase could be avoided by adjusting the ratio of the beam sizes at the crossing 
point using a non-zero dispersion there. This possibility was noticed too late to be in
corporated in this LEP design. 
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2.2 Control of the energy variation of 
beam parameters 
The luminosity is proportional to the fourth power of the energy in e e storage rings 

with a constant lattice configuration. Various proposals for modifying the lattice struc-
13 17 18"! 

ture ' ' -* have aimed at keeping the beam size constant such that the luminosity varies 
as the square of the energy. In LEP an energy range for experimentation from 20 to 100 GeV 
and a smaller variation of the luminosity with energy are required. Wiggler magnets are 
used to blow up the beam at lower energies ' and, by suitable modification of the lattice 
properties at the wiggler location, the luminosity may be kept constant from 50 to 100 GeV. 
This implies that the beam size at 50 GeV is double that at 100 GeV and fills the available 
aperture. Below 50 GeV the beam size is kept constant, giving the square law dependence of 
luminosity on energy. 

2 0*) 
The horizontal omittance E is given by ' 

F = - i 5 - A . il <IP - 1! 3 H) n _. 
*~ 32/3mcj P"2 ' L J 

x 
where J is the horizontal damping partition coefficient (- 1 in an isomagnetic guide field), 
p is the radius of curvature, and <> indicates an average around the ring. The quantity H 
is given by 

H = 6 x
_ 1[n 2 + (a x n + $x n')*] , (2.8) 

and is a measure of the effect of photon emission on the emittance. It implies that the 
emittance is strongly affected by bends in regions of the lattice where the dispersion is 
high. A convenient way of obtaining an enhanced dispersion region is to put one wavelength 
of standard lattice next to a dispersion-free zone with no matching section. An overshoot 
occurs and the dispersion reaches a value about twice the standard value after half a wave
length, as shown in Fig. 1.2. Wiggler magnets, giving rise to a strong local orbit distor
tion with 1/p large, are placed at this point in the lattice. This enables a smaller bending 
field to be employed, which minimizes the effect of the wiggler on other beam parameters ' . 
The wiggler magnets are placed next to a vertically focusing quadrupole where the vertical 
beam size is greatest. This reduces the surface intensity of the synchrotron radiation 
where it strikes the vacuum chamber. The horizontal beam size is small at this location, 
leaving space for the orbit wiggle within the standard aperture. 

The only other free parameter is the total length of wiggler magnet in the ring. In 
other proposals ' ', the available field strength has been the limiting factor, but in 
LEP the lattice bends are so weak that much lower wiggler fields are required. For example, 
a total of 4 m of wiggler magnet in the 50 km LEP circumference would still only require 
1 T fields for the necessary emittance control. A detailed study of the synchrotron radia-

22) 
tion produced by the wigglers shows that the maximum surface density is more strongly 
affected by the length of the individual wiggler magnets than by the total length in the 
ring. If the bending angle per magnet is small, the synchrotron radiation is directed down 
the vacuum pipe and has time to diverge before striking the chamber wall, thus reducing the 
surface density. If the individual magnets are only about 1 to 2 m long, the maximum power 
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density on the surface of the vacuum chamber is about 100 W/cm2, a factor of 10 below the 
maximum value in SPEAR. The critical energy of the synchrotron radiation is affected by the 
total length of wiggler magnet in the ring. The number of photons with energies above the 
threshold for (y,n) reactions in the vacuum chamber wall is exponentially dependent on the 
critical energy and this is the most important consideration in the choice of the wiggler 
length. It is estimated •* that with 64 m of wiggler magnet, about 4 x 10 9 neutrons/sec 
are produced per m of wiggler, spread out over about 120 m of circumference in the worst 
case. This leads to acceptable values for the activation of the surrounding equipment 
within the expected lifetime of the machine. The 64 m are divided between 16 enhanced dis
persion regions, each of which contains 4 one-metre homogeneous-field magnets connected in 
a +—+ configuration. The maximum field required for the desired luminosity variation is 
only 0.416 T. 

The variation of the other machine parameters with energy is shown in Figs. 2.3 and 2.4. 
The current I required for the given luminosity is a maximum at 50 GeV. This current must 
be injected and accelerated, and is shown as I . The curves for the RF voltage V ™ in
cluding higher-mode losses scaled with beam current, and the generator power P are calcu
lated using I below 50 GeV. It can be seen that the relative energy spread a , ignoring 
bunch widening, and the synchrotron tune Q remain relatively constant over the whole opera
ting range. 

0.15 •30 

o.io • 
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Fig. 2.3 Variation with energy of RF gener
ator power P„ (in GW), peak RF 
voltage VRF tin GV), horizontal 
damping time T x (in sec), and beam-
beam bremsstrahlung lifetime T̂ b 
(in units of 100 h) 
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storage current I s and collision 
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tune Q s, r.m.s. energy spread a e 
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The aperture of LEP is chosen such that it provides adequate room for the largest cir
culating beam, which occurs'at 50 GeV. The beam-stay-clear radius is fixed at 10 r.m.s. 
beam radii, of the uncoupled beam horizontally and of the fully coupled beam vertically. 
This should ensure beam survival even in the event of accidental mishandling. The variation 
of the beam-stay-clear radii along the circumference is shown in Figs. 2.5 and 2.6. They 
do not include an allowance for closed-orbit distortions. 
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Fig. 2.6 Horizontal and vertical beam-stay-clear radii B and B from the 
crossing point to the nearest normal cell ' 
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2.3 Chromaticity adjustment 
Since the dispersion vanishes in the low-3 insertions, their contribution to the chro

maticity cannot be corrected locally. Instead, it must be compensated by sextupoles in the 
normal lattice, together with its contribution to the chromaticity. The total chromatici-
ties to be corrected are £ = -248.1 and E = -307.5. There is a total of 63 sextupoles in 
each half superperiod. When they are excited in only two families, F and D, the tune varia
tion with momentum, shown in Fig. 2.7, is unacceptable. Hence more complicated schemes for 
chromaticity correction are required, involving more than two families of sextupoles. Autin's 

2 3") 

technique J of matching the insertions into the regular lattice up to linear terms in the 
momentum variation of a, 3, and n was tried. It gave reasonably small variations of Q, 3 *, 
and 3 * with Ap/p (Ref. 23), but it was rejected because it had unacceptably small limits 
of stable betatron oscillations. 

Fig. 2.7 Tune variation with Ap/p for chromaticity correction 
with two sextupole families 
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Fig. 2.8 Tune variation with Ap/p for chromaticity correction Fig. 2.9 Variation of the amplitude functions at the crossing 
with six sextupole families point with Ap/p for six sextupole families 
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The scheme proposed here was suggested by observing that the values of 3 and 3 at 
x y 

the sextupoles had strong variations with Ap/p in the simple correction scheme with two 
sextupole families only. There are sextupoles with 3(Ap/p = 0.6%) > 3(Ap/p = -0.6%) which 
act predominantly on the tune for Ap/p > 0, and there are other sextupoles for which the 
opposite holds. This naturally leads to a grouping of the sextupoles into three families 
in each plane: one family which acts mainly for orbits with Ap/p < 0, one for orbits near 
Ap/p = 0, and one for orbits with Ap/p > 0. In addition, the members of each family are 
grouped in pairs with a phase advance IT between them, in order not to excite third-order 

2 3*) 

resonances and not to perturb the dispersion J. The variations of the tunes and of the 
amplitude functions at the crossing points arrived at in this scheme are shown in Figs. 2.8 
and 2.9, respectively. 
2.4 Beam separation 

With 32 bunches, the beams in LEP must be separated vertically in 56 places around the 
circumference, about 804 m apart, while collisions take place in the eight interaction re
gions. This problem does not occur in SPEAR, PEP, and PETRA. In order to avoid a large 
loss in luminosity, the electrostatic fields for beam separation must be set with high pre
cision. The magnitude of the separation is determined by the forces which the two beams 
exert on each other, in particular the dipole kick and the quadrupole focusing. The higher-
order effects of well-separated beams are small . 

The highest separating field is necessary for operation between 50 and 100 GeV at full 
luminosity. It is assumed that the beams are separated by half-wavelength bumps with the 
separating plates installed near D-quadrupoles, and the crossing occurring near F-quadrupoles 
because of the phase advance/cell. If limits of AQ = 0.01 and 0.003 are imposed on the tune 
shift per crossing, the beams must be separated by 3.65 and 7.98 standard beam radii, respec
tively. This requires separating field strengths U£ = ±70 and 154 kVm, respectively, where 
U is the voltage and I the length of the separating plates, if the plates are 39 mm above 
and below the median plane. 

The angles <(> by which one beam deflects the other one are 3.9 and 4.5 yrad, respec
tively. They must be compared to the deflections which the beams receive in the separating 
fields, and which are 18 and 40 yrad, respectively. It follows that the forces between the 
two beams modify the geometry of the separating bumps significantly, and hence must be taken 
into account in their design. This requires that each bump be excited by at least three 
sets of electrostatic plates whose relative strengths are varied with the circulating cur
rent. 

The vertical kicks received by the particles of one beam depend on their relative hori
zontal position with respect to the other beam. It is determined by their betatron and 
synchrotron oscillations and also by the systematic energy variation along the circumference 
due to synchrotron radiation losses. This effect may lead to different vertical closed-orbit 
distortions at the crossing points for different particles, an increase of the beam size, 
and a loss of luminosity. 

Since the spacing between the crossings is not an exact multiple of the period length 
L , a loss in deflection efficiency of at most 151 must be compensated by raising the voltage 
of the separating stations accordingly. No engineering design of these stations has been 
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made; nor have the heating of the plates by higher-mode losses, their effect on the beam 
behaviour, and the interference between beam separation and chromaticity correction been 
investigated. 

2.5 Limits of stable betatron oscillations 
The beam behaviour at finite amplitudes of betatron and synchrotron oscillations was 

f-CO] 
and PATRICIA26^ 

investigated for LEP and the chromaticity-correction scheme described in Section 2.3. The 
tracking programs LIMATRA ' and PATRICIA -* were used. The former tracks samples of par
ticles with Gaussian density distributions and handles betatron oscillations and closed-
orbit errors in the sextupoles, while the latter tracks up to four particles at a time with 
given initial conditions, and handles both betatron and synchrotron oscillations. 

The PATRICIA program was used to track particles executing betatron and synchrotron 
oscillations for 800 turns, starting at a crossing point. Their initial betatron amplitudes 
were varied to find the stability limit, where particles are lost before they have completed 
800 turns. The results are shown in Fig. 2.10, which gives the stability limits in units of 
o * and a * for a fully coupled beam at 50 GeV where a * and a * reach a maximum. The curve 
labelled Ap/p = 0 does not include synchrotron oscillations, while the other two curves do 
include them with amplitudes Ap/p = 0.31 and 0.6%, respectively. The stability limit is in
side the beam-stay-clear region, which is also shown. Comparing these results with those 

26"! 

obtained for PEP , which has a stable region of about 20 standard deviations without syn
chrotron oscillations, and about 15 standard deviations when synchrotron oscillations with 
an amplitude Ap/p =0.6% are included, shows that an improvement of the chromaticity-
correction scheme in LEP is in order. When LEP is operated at 100 GeV, the beam sizes are 
smaller by a factor of 2 and the situation becomes much better. 

minimum aperture 

Fig. 2.10 Stability limits for betatron oscillations. The 
parameter Ap/p is the amplitude of the synchrotron 
oscillations 
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Fig. 2.11 Survival rate for 100 turns versus closed-orbit 
errors in the sextupoles 

The LIMATRA program was used to study the influence of closed-orbit distortions in the 
sextupoles on the limits of stable betatron oscillations. Ensembles of 60 to 100 particles 
with Gaussian density.distributions in each transverse phase plane were tracked. The frac
tion of particles surviving 100 turns, S, is shown in Fig. 2.11. The closed-orbit distortions 
in the sextupoles were chosen at random from a Gaussian distribution with standard devia
tions (x ) = (y ), used as abscissa. Two curves are shown, for the beam sizes at 20 to 50 
and at 100 GeV, respectively. At 100 GeV, the whole beam survives for closed-orbit distor
tions up to about 2 mm. Between 20 and 50 GeV, the beam survival drops immediately when 
closed-orbit distortions occur. 

2.6 Effects of magnet excitation 
and alignment errors 
Random alignment errors of the quadrupoles cause horizontal and vertical closed-orbit 

distortions. In LEP, the amplification factors P and P , defined as the ratios between the 
closed-orbit distortions not exceeded in 63% of all machines to the r.m.s. quadrupole dis
placement, are shown in Table 2.1. 

Table 2.1 
Amplification factors for 

closed-orbit distort ion 

Px P 
y 

Insertion F-quadrupole 620 460 
Insertion D-quadrupole 290 730 
Lattice F-quadrupole 210 160 
Lattice D-quadrupole 130 260 

100 GeV 
20-50 GeV 
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The largest contribution to P and P comes from the insertion quadrupoles. If their 
relative alignment were better than the r.m.s. alignment errors, P and P could be reduced. 

Since the closed-orbit distortions expected without correction are barely acceptable, 
even with the large aperture of LEP, beam observation and closed-orbit correction are foreseen 
on the whole circumference with a beam-observation station and a correction dipole about every 

27") 
half c e l l . In this way, the closed orbit i s expected to be improved by a factor of 'v 10 ' . 

In LEP, a large machine with low-g insert ions, the beam-dynamical consequences of 
closed-orbit distort ions are even more serious than the physical distortions themselves. 

2 g 2 9*1 3 0*̂  

Rough analytical estimates ' ' and some computer simulation } have been made on the 
following phenomena. 

i) Vertical closed-orbit distortions in the quadrupoles give rise to non-zero values 
31") 

of the vertical dispersion '. In LEP, the ratio between the r.m.s. vertical dispersion 
<n ) and the r.m.s. vertical closed-orbit distortion (y) is about 50 (Ref. 30). A vertical 
dispersion at the crossing points, n * = 5.4 cm, doubles the beam height in LEP and thus 
reduces the luminosity by a factor of 2. In order to avoid this, the vertical dispersion 

32") 

must be corrected locally, as proposed by Chasman and Month -". A non-zero value of the 
vertical dispersion in the rest of the machine causes an increase in the beam height by ver
tical quantum excitation, and a change in the partition numbers for synchrotron-radiation 
damping. A rough estimate of the change in the partition number for synchrotron oscillations 
J shows that the largest contribution comes from the intersection region quadrupoles. In 
LEP, it is AJ = 100 (y n r\„), where (y n n n > in m 2 is the expectation value of the vertical 
closed-orbit distortion times the vertical dispersion in the intersection region quadrupoles. 

3 o") 
This order of magnitude of AJ was also found by computer simulation '. It follows that 
AJ can be kept small by simultaneously correcting the closed orbit and the dispersion in 
the intersection region quadrupoles. 

ii) Vertical closed-orbit distortions in the sextupoles give rise to coupling of hor
izontal and vertical betatron oscillations, which has three consequences: an increase in 
the vertical emittance, another contribution to the vertical dispersion, and the excitation 
of second-order coupling resonances of the type Q + 0 = p. The increase in vertical emit
tance is taken care of in the LEP design by assuming that the horizontal and vertical emit-
tances are equal, and by choosing the parameters such that the nominal luminosity is reached 
with this assumption. The contribution of the sextupoles to the vertical dispersion is 
smaller than that of the quadrupoles, mentioned above. The stopband width of the coupling 

2 9") 

resonances has been estimated for LEP to be ' AQ = 10 (y), where (y) is the r.m.s. vertical 
closed-orbit distortion in metres. In order to find a stable working point, the width of 
the stopbands must be small compared to their spacing, 0.5. This yields a tolerance on the 
r.m.s. closed-orbit distortion, (y) « 50 mm. 

iii) Horizontal closed-orbit distortions in the sextupoles drive the half-integral re
sonances 2Q = p and 20 = p. A tolerance for the horizontal closed-orbit distortions can 

x y 29") 
be obtained in much the same way as for the vertical ones. In LEP, one finds ' <x> « 20 mm. 

Random variations in the strength of the quadrupoles cause half-integral resonances 
when 2Q = p and when 2Q = p. The largest contribution to these stopbands comes from the 
insertion quadrupoles. For LEP they are: < AQ ) = 84 ?AK/K>, and7AQ > = 138 (AK/K>~, 
where (...) indicates expectation values. 



- 23 -

Since many of the effects due to errors in the magnets and their alignment are largely 
caused by the errors in the intersection regions, it might be possible to overcome them by 
initially operating LEP with higher values than the nominal ones of B * and g *, and reduced 

Once techniques for compensating these effects are developed, B * and B * can luminosity 
be reduced gradually to their nominal values 

2.7 Bunch lengthening and multi-bunch 
coherent instabilities 

It is expected that the dominant collective phenomena in LEP will be bunch lengthening 
and multi-bunch coherent instabilities. 

3 3") 

Scaling laws for bunch lengthening are given by Chao and Gareyte ' and by Manth and 
Messerschmid . The r.m.s. bunch length a is given by ' 

a (mm) = 1.5 x HT" [-
z I n 2 

CmA) a R3(m) F 
Q s

2 E(GeV) 1^ 

l/l.32 
(2.9) 

where I is the circulating current, a the momentum compaction, R the machine radius, F the 
ratio of the impedances per unit length in LEP and SPEAR, Q the number of synchrotron 
oscillations per turn, k, the number of bunches, and E the energy. The bunch lengths found 
by applying Eq. (2.9) to LEP are shown in Fig. 2.12. It has been assumed that F = 0.1. 
This assumption has also been made for PEP 
widening in the same ratio 
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Bunch lengthening is accompanied by bunch 

2 0 3 0 4 0 5 0 6 0 7 0 80 90 100 
E (GéV) 

Fig. 2.12 Bunch lengthening in LEP according to the 
model of Chao and Gareyte (Ref. 33). I c 

and I s are the collision and storage cur
rents, respectively, shown in Fig. 2.4. 
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Fig. 2.13 Bunch lengthening in LEP according to the 
model of Month and Messerschmid (Ref. 34). 
I c and Is are the collision and storage 
currents, respectively, shown in Fig. 2.4. 

The worst bunch lengthening occurs while filling LEP at 20 GeV in order to obtain 
L = 10 3 2 cm - 2 sec"1 at 50 GeV. The storage current I , shown in Fig. 2.3, is used in 
Eq. (2.9). The resulting bunch length is labelled I in Fig. 2.12. The bunches are length
ened by about a factor of 6. For colliding-beam operation between 20 and 50 GeV the curve 
labelled I applies, for which the collision current I , shown in Fig. 2.3, is used in 
Eq. (2.9). The bunches are lengthened by a factor of about 4 at most. The curve labelled 
I = const corresponds to filling LEP with the current required for L = 10 3 2 cm - 2 sec - 1 at 
100 GeV. Bunch lengthening is less than in the previous curves, except for energies between 
20 and 25 GeV. The curve labelled I <* E shows the bunch lengths for colliding-beam opera
tion with a luminosity which scales like E 2 for the whole range from 20 to 100 GeV. Bunch 
lengthening is virtually absent. The results of applying the scaling law of Month and 
Messerschmid ' are shown in Fig. 2.13. The bunch lengths are somewhat smaller than in the 
other model. 

On the whole, bunch lengthening is expected to be serious while filling LEP for maximum 
performance near 50 GeV. The impedance per unit length of the LEP vacuum chamber must be 
kept as low as possible. Whether or not the improvement factor F = 0.1 assumed in the above 
estimates can be achieved in practice has to be checked by further calculations and measure
ments on models. Bunch lengthening could be reduced by increasing the injection energy, by 
aiming at a lower luminosity near 50 GeV, or by adjusting the beam size near 50 GeV by using 
variable tune rather than wiggler magnets. It follows from Eq. (2.9) that the bunch length 
does not change since a/Q 2 remains constant, but the bunch width is reduced by a factor of 
about 1.6. 

Coupled-bunch instabilities do not occur if the wake field induced by a bunch decays 
, before the next bunch arrives. Resonant objects in the vacuum chamber are therefore harm
less if their bandwidths are larger than 200 kHz (number of bunches times revolution fre
quency) . Accidental resonators with smaller bandwidths should be easy to detect prior to 
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installation, unavoidable high-Q resonators such as the RF cavities can be controlled by 
special feedback systems. For example, the 17 kHz bandwidth of the main RF resonance over
laps several adjacent harmonics of the revolution frequency, spaced at about 6 kHz, and will 
therefore excite the low-order coupled-bunch modes with one, two, and three wavelengths 
around the machine circumference. To compensate beam loading, the cavity is typically de
tuned by about one bandwidth, or the full shunt impedance of 50 Gfl overlaps one of the 
coupled-bunch mode frequencies, resulting in e-folding times of about 0.5 msec. The cure 
is to detect the unstable motion and feedback through the main RF system. Because of the 
high impedance, only a modest input signal is required. 

A simple transverse feedback system is sufficient to prevent transverse coupled-bunch 
instabilities, while single-bunch, head-tail modes are controlled by keeping the machine 
chromâticity near zero. 

3. RF SYSTEM 

3.1 General RF parameters 

The energy loss per turn and per electron U due to synchrotron radiation, and, hence, 
the power P, needed to compensate this loss are given once the basic lattice and performance 
parameters are fixed. To this loss one has to add the energy loss per turn from excitation 
of higher modes in the accelerating structure itself and in parasitic cavities, and the cor
responding power loss. Only estimates can be made for this but, fortunately, the result 
does not exceed a 101 correction to the power needed for the synchrotron-radiation loss. 

The choice of the RF frequency, which is a compromise between several conflicting re
quirements, is discussed below. This and a reasonable choice of the quantum lifetime x 
determine the peak RF voltage V Rp to be generated by the RF structure. The choice of RF 
frequency also determines the shunt impedance per running metre, Z = V R pV(Pj L ), that one 
can expect from the best known design of an accelerating structure made of copper. The total 
length of this structure L is, in the first approximation, a matter of cost optimization, 
balancing the cost of the structure itself against the cost of power loss which decreases 
with increasing length (cf. Section 1.2). Beam-loading problems and higher-mode losses in 
the cavities tend to favour a structure slightly shorter than the simple cost optimum. Vol
tage gradients and dissipation densities in the cavities remain low enough to be of not much 
concern, but the exact choice of total structure length must take into account additional 
constraints, i.e. the detailed distribution of available lattice spaces, the requirement of 
having all cavities spaced by multiples of half wavelengths for two-way acceleration, and 
the desire to branch out the available klystron power via hybrids. The resulting choice, 
a total of 2469 m of active RF structure, fills all the available spaces in the chosen lat
tice and is slightly below the length for minimum cost Eq. (1.7). 

If the number of bunches were very large — more precisely, if the time between the 
passage of consecutive bunches was very short compared with the cavity filling time — the 
total power to be supplied by the RF sources would be simply the sum of the beam power and 
the power dissipated in the cavities and feed lines. With large bunch spacing, additional 
losses occur owing to the pulsating beam load which leads to unavoidable reflection of some 
of the generator power. In fact this problem determines the number of bunches. The gener
ator power, determined by the peak voltage, the total shunt impedance, the beam power, and 
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the ratio T 0 of bunch spacing to cavity filling time, has been calculated according to 
8~) 

Wilson's paper . With the 32 bunches finally chosen, the power in excess of that required 
for cavity dissipation at zero beam current and for beam power is still rather modest, but 
it would increase rapidly with decreasing bunch number. With four bunches, the most desir
able number for eight crossing points, the energy that would have to be delivered to each 

9") 

bunch at each passage exceeds the cavity stored energy at the chosen voltage ' . 

The main parameters for full luminosity at 100 GeV are listed in Table 3.1. 
Table 3.1 

RF system parameters 

Synchrotron energy loss per turn U (GeV) 1.44 
Synchrotron power loss per beam P, (MW) 22.1 
Higher mode loss per turn U, (MeV) 120 
Power loss to higher modes P, (MY) 1.8 
Frequency f R p (MHz) 350 
Peak voltage per turn V R F (GV) 1.72 
RF bucket height a. 0.00666 
Quantum lifetime T (h) 10 
Number of phase oscill./turn Q 0.08696 
Shunt impedance/unit length Z (Mî/nf 20 
Total length of active structure L (m) 2469 
Fundamental mode structure dissipatior t P d (MIV) 59.7 
Total RF generator power P (MV) 
Number of RF stations 

109 Total RF generator power P (MV) 
Number of RF stations 16 
Total number of five-cell cavities 1152 
Total number of klystrons 288 

3.2 Choice of radio-frequency 

A high cavity frequency has the advantage of high shunt impedance, hence relatively 
shorter cavity length and smaller size and cost of RF equipment. On the other hand, a high 
frequency means a slightly higher overvoltage ratio in the cavities for reasonable quantum 
lifetime, increased higher-mode losses because of shorter bunches, and at the same time a 
smaller stored energy in the cavities. It can also lead to the situation where the beam 
hole must be larger than the maximum desirable for cavity performance. The number of synchro
tron oscillations per revolution Q , which is of some importance for betatron-synchrotron 
coupling resonances and should be less than about 0.1, also favours a lower frequency. 

36") 

Allen and Wilson ' conclude that, for SPEAR II and PEP cavity frequencies, there is 
a broad optimum in the range 100 to 400 NHz. Availability of klystrons, circulators, etc., 
together with the limitations on straight-section space in our case, favour the higher end 
of this range, consistent with having sufficient stored energy in the cavities for the choice 
of 32 bunches. Therefore, a frequency close to 350 NHz, the SPEAR-PEP frequency, has been 
chosen for LEP. 
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3.3 Accelerating system 

3.3.1 Cavity design 

It is proposed to follow, for the present, the well-established and carefully optimized 
design of SPEAR, PEP36-', and PETRA3 7 \ For all details the PETRA design has been adopted 
as a model, all relevant dimensions being scaled from 500 to 350 Mlz operating frequency. 

Each cavity consists of five cells, each half a wavelength long, i.e. operating in IT 
mode. Coupling between cells is by slots in the disks, the coupling through the beam hole 
being negligible. RF power is fed into the central cell of each cavity by means of a coup
ling loop. The second and fourth cells each have a motor-driven tuning plunger. The control 
circuits associated with these are fed independently from phase-error detecting circuits, 
in such a way as to keep the cavity on tune and the electric-field distribution symmetrical 
about the centre cell. 

- Cavity parts would be machined from copper and brazed or welded together. Experience 
at PETRA shows that the difference in cost between aluminium and copper is small, and the 
better thermal conductivity of copper is a worth-while advantage. 

3.3.2 Straight sections available 
for the RF system 

As shown in Fig. 3.1, there are about 300 m of straight section on either side of each 
interaction point. The spaces between quadrupoles are each 38 m long, and up to six of 
these spaces can be used for the RF accelerating system. In fact, all six must be used since 
the active length of cavity with all six is still less than that required for cost optimiza
tion. This gives a total of 96 spaces with RF cavities. 

Space between quadrupoles 
= 38m 

"Low-̂ J section RF section 

Bending magnets 
HHBBBE-: 

Fig. 3.1 Space available for RF accelerating system in each half-
octant 

Since hybrid dividers are used to split klystron power between four cavities, it is 
convenient to fit twelve cavities, each 2\ wavelengths long, spaced a half wavelength apart, 
into each space between quadrupoles as shown in Fig. 3.2. Thus there is a total of 1152 
cavities corresponding to 2469 m active cavity length. A few metres of straight section are 
left spare between the ends of the RF structure and the quadrupoles. Cavities on either 
side of a quadrupole must have their centres an exact number of half wavelengths apart, so 
that particles can be accelerated in both directions. 
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Spacing 38 m 

Cavities 30.86m 

4 — , — I — - — I -

Quadrupole 

J — + -

-m////////AWZ^7A 
Quadrupole 

H= Hybrid 
C= Circulator 
K= Klystron 
P=Power Supply 
D= Driver 
PS = Phase shifter 

Fig. 3.2 Arrangement of 12 KF cavities between quadrupoles (this is repeated 
16 x 6 = 96 times in the machine) 

3.4 Generation and distribution of RF power 

The large amount of RF power required will make it worth while to have a special kly
stron developed and manufactured by industry. At DESY, large cw klystrons have been supplied 
by three manufacturers, one of whom is developing a special tube to give between 500 and 
600 kW at a high efficiency. It should be possible to obtain tubes of similar or higher 
power rating for the lower frequency chosen for LEP. In fact, a klystron for that frequency 
is under development at SLAC ' . The PETRA cost estimates per watt of RF power have been 
used for LEP calculations. 

An arrangement for the RF amplifier is shown in block form in Fig. 3.2. Each klystron 
is fed from a low-power drive line via its own phase shifter and drive amplifier. The full 
klystron output power is sent through a high-power circulator into the storage-ring tunnel 
by a WR2300 (R3) rectangular waveguide made of aluminium. Inside the tunnel, the RF power 
is divided between cavities by means of "magic-tee" hybrids. This method of dividing has 
the advantage of providing isolation between the cavities as their input impedances change 
with beam loading. It has the limitation that the number of cavities fed by each klystron 
must be two, four, eight, etc. 

Figure 3.3 shows a possible layout of four cavities fed by one klystron. The klystron, 
its power supply, etc., and the circulator are housed either alongside or in a building above 
the tunnel, and a single waveguide passes through the shielding. Each magic-tee hybrid is 
fed at its "H" arm so that the two outputs are in phase, while the "E" arm carries a matched 
load. "Flexible" waveguides having corrugated walls are commercially available in this size, 
and these are inserted at various places, as shown in Fig. 3.3, to take up misalignments and 
thermal expansion. 
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Fig. 3.3 Waveguide feed to cavities 

Path lengths to all cavities are the same, and no phase adjustment is provided between 

klystron and cavity input. Phase setting between groups of four cavities is carried out in 

the klystron drive circuit. 

At each cavity a waveguide-to-coaxial transformer, incorporating a coaxial vacuum-seal 

window, is used to match into the cavity coupling loop, in the middle unit of the five cells. 

A possible arrangement of the klystron annex is shown in Fig. 3.4. To minimize tunnel 

height it will be advantageous if the klystrons are constructed so that they can be operated 
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Fig. 3.4 Klystron annex 
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with the beam horizontal. Circulators, klystrons, and high-voltage power supplies are 
arranged end-to-end in the annex, leaving sufficient clear space alongside to transport re
placement klystrons. 

Klystron high-voltage power supplies will be provided with protective circuitry to cut 
off the klystron voltage in case of faults. 

The annex in tunnel form, shown in Fig. 3.4, is applicable if the machine is deep under
ground, like the SPS. If the site conditions are such that the machine is constructed close 
to the surface, the circulators, klystrons, and power supplies could be housed more simply 
in buildings at ground level above the cavities. In that case sufficient height would be 
available for the klystrons to be installed vertically. Also installation of replacement 
klystrons would be much easier. 

3.5 Klystron replacement 

Klystrons used at DESY for PETRA have a guaranteed lifetime of 5000 hours and an esti
mated average lifetime of about 10,000 hours. The LEP design, with four cavities per klystron 
and 2.47 km of cavities, will require 288 klystrons (half this number if 740 kW is available 
per klystron, but then higher-power klystrons might have shorter lifetime). Thus a klystron 
failure can be expected every 10,000/288 =34.7 hours, i.e. about 1.7 failures per week on 
an average assuming 3000 hours of operation at top energy per year. Most of the failures 
should not be catastrophic but more a matter of steady decrease in klystron output power 
after a certain time. It should be possible to change tubes before the drop is serious, by 
monitoring RF outputs or cathode currents. Also the effect of one or two tube failures on 
machine performance would, in any case, be rather small, so maintenance at intervals of say 
two or four weeks should be sufficient. For the time being, it has not been thought neces
sary to include any provision for changing klystrons during machine operation. 

If the machine is built close to the surface, with klystrons in buildings on the sur
face, klystron replacement and transport, even during machine operation, would be straight
forward. However, if LEP is deep underground, klystrons will have to be taken down the 
access shafts and along tunnels to the klystron bays. 

For LEP, eight access shafts are foreseen, each close to an interaction region. Klystron 
transport must be through these shafts and then via either the main tunnel or an auxiliary 
tunnel to the appropriate klystron bay. Tunnel size and shape must permit this. Scaled 
PETRA dimensions for a klystron are 1.43 x 1.42 x 4.4 m 3. It is proposed to operate them in a 
horizontal position, and it may be possible to suspend them from an overhead rail for trans
port. Alternatively, wheeled trolleys may be used. 

There are 16 klystron bays corresponding to the accelerating sections in the half 
octants. Each bay contains 18 klystrons (at four cavities per klystron), starts 57 m from 
an intersection point, and is 242 m long. If access to klystron bays during machine opera
tion is necessary, e.g. for repairs other than klystron replacement, then a 57 m long access 
tunnel is required. This could be built by widening the normal tunnel and constructing a 
concrete shielding wall. If this tunnel is made large enough in section, it can be used 
for klystron transport. It is evident from Fig. 3.3 that there is no space to pass a spare 
klystron along the tunnel over RF cavities and rectangular waveguide, without widening the 
tunnel. 
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4. MAGNET SYSTEM 

4.1 Magnet design considerations 

The main magnet system for a high-energy electron-positron storage ring presents some 
unusual boundary conditions. First, a very large bending radius and correspondingly low 
magnetic field are desirable in order to minimize the energy loss of the beam due to synchro
tron radiation. Next, higher-mode losses, which would occur at discontinuities in the 
vacuum chamber, imply the need to maintain a cross-section which is as constant as possible 
around the ring. In the focusing structure proposed, this naturally leads to a circular 
aperture requirement. Estimates of beam size and tolerable closed-orbit deviations, however, 
give apertures which are somewhat smaller than those needed to provide an adequate pumping 
speed for a lumped pumping system. It should be noted that the magnetic field in the bending 
magnets is too low to be able to envisage a distributed pumping system. The basic require
ments, therefore, are for a 40 km long magnet system with a constant 10 cm radius vacuum 
bore, and as much of the length as possible to be filled by bending magnets, with fields of 
about 0.01 T at injection to 0.05 T at 100 GeV. 

The need to fill as much of the machine circumference as possible with bending magnets 
suggests the use of combined-function magnets. Also it has been shown that this would have 
the advantage of increasing the damping aperture. However, the integrated gradient strength 
required in this case is about 1.75 times that of a short quadrupole for the same phase ad
vance. The resulting gradient G would be of the order of 0.4 T/m at a central field B of 
0.05 T. Thus the profile parameter B/G of the combined-function magnet is only 12.5 cm so 
that the magnet would have to be a half-quadrupole. This might be a very costly solution 
in which it might be difficult to meet the tolerances on field shape and alignment. 

Consequently, it was decided to adopt a separated-function solution with short quadru-
poles and long uniform-field magnets which need only to be levelled to a high precision. 
Nevertheless, although considerations of cost, complexity, etc., dictate the use of separate 
bending and focusing elements, it is found advantageous to run them in series so as to mini
mize tracking problems and to avoid costly bus-bar systems. 

4.2 Pi pole magnets 

Two types of dipole design were considered; namely, a conventional magnet with poles, 
and an air-cored design without poles. 

In the first case of a "conventional" C or H or window-frame magnet, the field shape 
is determined almost entirely by the steel poles, unfortunately, at such low field levels, 
the permeability of magnet steel such as can be produced in large quantities and at low 
cost, is both very low and varying very rapidly with field, typically from u = 400 at 0.01 T 
to y = 1000 at 0.05 T. To avoid distortions of the field distribution in the aperture, it 
would be necessary to shape the steel so as to obtain uniform flux density in the magnetic 
circuit and to approach a constant ratio of steel to air lengths for all flux lines. 

These requirements are approached most closely by a pole-less magnet consisting of in
tersecting elliptical currents surrounded by a steel circuit of thickness >v cos 6 as shown 
in Fig. 4.1. 



- 32 -

Fig. 4.1 Idealized dipole 

In addition, the ratio of steel to air lengths for the flux lines is about three times 
less in this case, thus reducing the effect of variations in steel permeability. Offsetting 
these advantages are the more complex shapes involved, and possibly increased fabrication 
costs. Further design considerations include the need to have highly radiation resistant 
magnets and the capability of absorbing the high synchrotron-radiation power of about 1 kW/m. 

The solution adopted here is to foresee a single extruded aluminium conductor each side 
of the vacuum chamber. The insulation from ground is provided by anodizing the conductor 
and, in addition, by spirally wound layers of polyimide film. 

For a given circular aperture, we need to find the optimum conductor shape yielding 
the minimum total cost. With the assumption that the conductors are enclosed by a circulai 
steel boundary of infinite permeability and radius R, as shown in Fig. 4.1, the current in 
each conductor is given by 

2BR 
Po (4.1) 

and the power dissipated per unit length is 

W ̂  I 7A c c (4.2) 

where A is the conductor's cross-sectional area c If the centre of the ellipse is a dis
tance a from the origin (cf. Fig. 4.1), the area of the segment is given by 

a b(y - sin y cos y) , (4.3) 

where cos y = a/a. Thus the conductor area is given by 

A = a b(-rr - 2y + sin 2y) (4.4) 

The circular aperture and circular steel correspond to inscribed and circumscribed circles, 
respectively. These are given by 

(4.5a) r = a ± a a 
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and 

i-^1 
There a re t h r ee cases t o cons ide r : 

a > b 

a = b 

a < b 

r . = r, i n b R = a + a 

r . = a - a R = a + a 
i n 

r - = a - a R = r , . 
m b 

Thus, for given values of a and b, a is determined to satisfy the aperture require
ment r. . The steel radius R and the conductor area are then computed together with the 
power consumption from Eq. (4.1) and Eq. (4.2). By including the unit costs for conductor, 
steel, and power, we then find the optimum value of b for each value of a. The power 
consumptions for these optima are plotted in Fig. 4.2 as a function of conductor area over 
aperture for the simple case of overlapping circular conductors and for optimally shaped 
ellipses. This shows clearly the effect of increasing the conductor area, which initially 
reduces the power consumption but is then offset by the larger steel radius and, therefore, 
higher current required. When the estimated unit costs of conductor, power, and steel are 
included, an over-all minimum occurs around a = 1.4 r- , as shown in Fig. 4.3. The optimum 
ellipse shape is shown in Fig. 4.4; its vertical semi-axis is about 1.6S r. . However, 
since the cost difference between the optimum-shaped ellipse and the circular case is so 
small, the detailed shape is not too critical and has been determined by the above considera
tions, the need for cooling channels, and practical considerations of insulation and assembly 
techniques. The cross-section arrived at in this way together with the vacuum chamber are 
shown in Fig. 4.5, and the most important dipole parameters are summarized in Table 4.1. 
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Fig. 4.2 Dipole power versus conductor s i z e 
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Fig. 4 .5 Cross - sec t ion of LEP dipole and vacuum chamber 
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Table 4.1 
Main magnet parameters 

a) Dipoles 

Number required N, 1104 
Effective length L (m) 35 
Conductor-inscribed radius r (m) 0.107 
Steel-inscribed radius R (m ) 0.195 
Peak field B (T) 0.05437 
Peak current I (A) 16874 
Conductor cross-section A (cm2) 298 
Power dissipation/magnet W, (kW) 23.2 

b) Quadrupoles 

Number required N 
Inscribed-aperture radius a 

1104 Number required N 
Inscribed-aperture radius a (m) 0.113 
Peak gradient G (T/m) 3.322 
Effective length i (m) 
Ampere-turns/pole NI (A) 

2.48 Effective length i (m) 
Ampere-turns/pole NI (A) 16874 
Excitation turns/pole N 1 
Conductor area A,, (cm2) 430 
Power dissipation/magnet W 0*0 2.52 
Total surface area A (m2) 16 
Maximum temperature rise AT (°C) 16 
c) Power supply 

Peak current I (kA) 17 
Total dipole voltage V, (kV) 1.52 
Total quadrupole voltage V (kV) 0.17 
Bus-bars and connections V 

c 
(kV) 0.11 

Total ring voltage V (kV) 1.8 
Peak power W (MV) 32.3 

4.3 Quadrupoles 
The quadrupoles required in the regular lattice of LEP need to have an integrated 

strength of 8.25 T. In order to maintain the smooth bore of the vacuum system, they have a 
circular aperture of 11.3 cm radius. The ampere-turns per pole are then given by 

G 0.1132 

(4.6) 

where G is the gradient in T/m. In order to run the quadrupoles in series with the dipoles, 
we take N = 1 and I = 16874 A. Then G = 3.322 T/m, and the effective length required is 
8.25/3.322 = 2.48 m. In this way the dipole current passes through single large conductors 
around each pole as shown in Fig. 4.6. Besides allowing for very simple excitation coils, 
this approach has the advantage of minimizing the total ring voltage required so that non
organic insulation becomes feasible. 
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Fig. 4.6 Quadrupole cross-section 

The pole-tip field of only 0.375 T, combined with a good field width of ±69 mm compared 
with an inscribed radius of 113 mm, allows a very simple pole shape to be used. It is then 
possible to use water-cooled aluminium bars as conductors, or copper with air cooling only. 
The latter solution lends itself to a very simple quadrupole construction with one-piece 
laminations and copper bars held in place by insulated bolts. This initial study indicates 
that the potential advantages of the air-cooled solution outweigh the increase in size and 
cost of materials. However, a more detailed study of connection problems, energy versus 
cost of materials, and fabrication techniques will be required to establish the optimum 
arrangement. 

The maximum field levels in the minimum gap regions of the quadrupoles will be of the 
order of 0.5 T. Consequently, it has been proposed to use this field for integrated vacuum 
pumps. 

4.4 Sextupoles 

Families of sextupoles inserted into the normal machine periods are used to correct 
the high chromaticity introduced by the low-3 insertions (cf. Section 2.3). Parameters of 
one of the several schemes that have been studied are given in Table 4.2. There are six 
families of sextupoles, three of F-type and three of D-type, whose members are spaced around 
the whole circumference. To avoid the necessity for either large numbers of tracking power 
supplies or six separate bus-bars around the ring, it is proposed to provide the basic dis
tribution by tailoring the sextupoles to a common excitation current. This is done by vary
ing both the sextupole length and the number of excitation turns, all with the lamination 
shown in Fig. 4.7. The basic sextupole-strength distribution is then obtained by only two 
separate circuits, one for each plane. This might lead to small corrections being needed 
in the vicinity of the interaction regions. 
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Table 4.2 
Sextupole parameters 

Circuit Number Integr. 
strength 

Eff. 
length B" Amp.-turns 

per pole 
Turns per 
pole 

(T/m) On) (T/m2) CxlOOO) 

D 160 68.8 1.00 68.8 23.5 20 
D 192 48.7 0.94 51.8 17.7 15 
D 144 7.1 1.03 6.9 2.35 2 
F 176 29.8 1.00 29.8 10.2 17 
F 160 23.0 1.01 22.8 7.8 13 
F 192 11.7 0.95 12.3 4.2 7 

D circuit F circuit 

Inscribed aperture radius (m) 0.137 0.137 
Peak excitation current (A) 1175 600 
Conductor area (mm2) 18 x 18 18 x 18 
Total excitation turns 8 x 2388 8 x 2406 
Total voltage*^ (kV) 2.67 1.37 
Peak dissipation (MV) 3.2 0.8 

*) This does not include the voltage drop in the cables and connec
t ions. 

Fig. 4.7 Sextupole c r o s s - s e c t i o n 
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Table 4.2 is intended to indicate how this type of solution might be implemented. In 
all cases the field levels are quite low, permitting a parallel-sided pole design and, con
sequently, very simple, flat excitation coils. It would be useful to take this type of 
solution into consideration when studying possible arrangements of sextupoles as required 
by the beam dynamics. 

Although other correction elements will be needed, they have not been studied in detail 
at this stage, since they appear to present no particular problems. It has been assumed 
that each half period contains a single short straight section adjacent to the quadrupole, 
which comprises a beam-position monitor (horizontal or vertical), an orbit-correcting dipole, 
and a correction element, e.g. sextupole, octupole, skew quadrupole, etc. The space would 
be allocated as shown in Fig. 4.8. 

Quadrupole. 
Dipole Bending Magnet 

/ 
Sextupole or 
Correction Element 

Dipole end 
Connections 

Closed 
orbit 
Dipole 

Fbsition V 
Detector \ 

Quad, end 
Connections 

Fig. 4.8 Layout of half a lattice cell 

4.5 Tolerances 
The tolerances on the magnetic components in very large machines demand the utmost in 

careful design, manufacture, measurement, correction, and installation of every element. 
The vast number of elements of each type must be made in industry, using conventional tech
niques to avoid excessive costs. 

39") 

The technique employed in the SPS magnet system ' seems apt also in this case; namely, 
to design each element with the maximum possible symmetry, and to foresee means of averaging 
out and correcting for the random variations arising from the manufacturing production 
spread. 

To implement this approach it is necessary to invoke highly developed mechanical and 
magnetic measurement systems. Owing to the very large numbers involved, it is possible to 
eliminate many of the systematic measurement errors such as calibration factors, etc. Based 
on the accuracies achieved in the SPS magnet system, estimates have been made of the errors 
to be expected in LEP. 

Firstly, errors which lead to random variations in bending or focusing strength include 
punching and assembly errors, variations in permeability, in stacked length and remanence. 
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In order to eliminate effects due to remanence, we assume here that the magnet is cycled 
before injection, so as to demagnetize it. For all other errors, end-shimming techniques 
could be used as in the SPS dipoles so that the ultimate variation is determined solely by 
the achievable precision in the magnetic measurements. For measurements of static fields 
with respect to a reference, relative accuracies of 10 - I t r.m.s. at 0.05 T levels were 
achieved on SPS dipoles. This was found to be proportional to 1/B J . Hence we can expect 
a limit of 5 x lO-1* at 0.01 T for the dipoles and 10" 3 in focusing strength of the quadru-
poles in LEP. 

Errors which lead to random variations of the field shape present more of a problem. 
In this case, the most critical tolerance is associated with the conductor location in the 
dipoles. Initial estimates indicate that a vertical displacement of one of the conductors 
with respect to the other one of 1 mm gives a horizontal-field component of the order of 
3 x io - 3 of the vertical field. Thus it will be necessary to develop techniques to locate 
the averaged position of the conductors to better than 0.1 mm. Variations in conductor shape 
in the dipoles are much less critical. Similarly, variations in gradient at half the in
scribed circle radius in the quadrupoles are not expected to exceed 5 x 10-1* r.m.s. 

In summary, it seems unlikely that as high a precision can be achieved in the LEP mag
net system as in that for the SPS, mainly because of the very low field range. Nevertheless, 
an adequate and inexpensive system can be envisaged using standard high-precision industrial 
techniques followed by individual measurement and correction of components. The resulting 
precision will be limited by the accuracy of the measurements and would be such as to re
quire small correction elements. These would include horizontal and vertical closed-orbit 
correcting dipoles, skew quadrupoles, and a set of individually powered sextupoles to enable 
the suppression of the most dangerous harmonics in the random sextupole errors of the dipoles. 

Finally, it should be noted that our choice of an air-cored bending magnet design arose 
from a comparison of field errors due to low steel permeability versus accuracy of conductor 
positioning. This would need to be confirmed by careful cost analysis, detailed design, and 
models, when the actual injection field level is known. 

5. VACUUM SYSTEM 
5.1 Pressure requirements and lifetime 

The average pressure P in LEP is determined by the requirement that the beam lifetime 
T originating from beam-gas interactions be at least of the same order of magnitude as the 
beam-dynamical lifetimes. The quantum lifetime T is nominally fixed at 10 hours (cf. 
Section 1.3). The beam-beam bremsstrahlung lifetime x,, , shown in Fig. 2.3, is of the same 
order. 

Calculations of the product P x, of average pressure and beam-gas lifetime, are shown 
in Fig. 5.1. This product is determined by considering scattering from both the 

t l-"t3") 

residual-gas nuclei and from the electrons surrounding these nuclei ' . In existing 
electron storage rings, for the most part unbaked in situ, the dominant molecular species 
is accounted for by an "effective" atomic number Z somewhere between 10 and 14. In glow-

4 4*) 
discharge cleaned vacuum systems ' Z may be expected to be as low as 2. 



1000--

40 

20 30 40 50 60 70 90 100 

E (GeV) 

Fig. 5.1 Variation of the product of pressure P and beam-gas 
lifetime x with energy E 

However, in LEP it is assumed that the residual gas species is best described with 
Z = 14. For this value of the atomic number, in order to satisfy the lifetime criterion, 
the average pressure must be < 10" 8 Torr. Nevertheless, one may note from Fig. 5.1 that in 
a well-cleaned system having Z = 2, the pressure could be up to an order of magnitude higher. 

5.2 Synchrotron-radiation desorption 
and thermal desorption 
5.2.1 Synchrotron-radiation 

desorption coefficient q 

A good approximation for the synchrotron-radiation spectrum of photons of energy e, 
20") 

emitted by electrons moving on a curved path of radius p (km) is given by J 

3ZN 

3e3s 
* ( k e V 1 m _ 1 s e c - 1 ) = 3.65 x 1 0 1 5 I p " 2 / 3 z'^ , (5.1) 

where I is the total circulating beam current in mA. This equation is valid up to values 
of e of the order of the critical photon energy e . 
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In order to calculate a desorption coefficient, Eq. (5.1) must be integrated up to a 

photon energy above which photons no longer contribute to the desorption mechanism. For a 

vacuum chamber made of aluminium, this maximum photon energy has been estimated to be 20 keV. 

The estimate was based on the assumptions that the photons themselves do not desorb molecules 

from the surfaces of the vacuum chamber, but that the electrons produced by photons inter

acting with the material of the chamber are responsible for desorption. Furthermore, only 

those electrons which, on the average, back-scatter out of the chamber into the vacuum can 

contribute to the desorption process. 

44) 
The photoelectric yield Y may be written J as 

Y = Y±/sin 4 , (5.2) 

where (J> is the angle of incidence of the photons striking the vacuum-chamber walls. It is 

assumed in LEP that the chamber has a knurled surface, similar to that in SPEAR, in the 

region where the photons bombard the chamber so that sin cj) may be put equal to unity. For 

a conservative estimate of the photoelectric current flowing out of the walls of an aluminium 

chamber, it has been assumed that Yx is about 0.1 throughout the energy range of e between 

0.01 and 10 keV, and zero at all other energies. 

For electron machines where e > 1 keV, the following formulae can be considered valid: 

- Photoelectric current I due to synchrotron radiation: 

81 
- ^ (A nf1) = 3.5 x lO-^ I p 2 / s ; (5.3) 

- Linear desorption coefficient q due to synchrotron radiation: 

°U -V 
— (Torr I sec"1 m"1) = 1.34 x 10 " I p / 3 , (5.4) 

with n being the molecular desorption yield due to photoelectrons (assuming that each photo-

electron desorbs once on the way out of the wall and once more upon its return to the vacuum-

chamber wall). 

The value of n will depend entirely on how one cleans or "conditions" the surfaces of 

the vacuum chamber. It is usual in electron machines to condition the chamber surfaces by 

simply operating for some time at maximum possible injected current compatible with reasonable 

lifetimes. In this way the photoelectric current I scrubs the walls clean. In the initial 

stages of this cleaning process, the pressure will rise considerably in the presence of the 

circulating beam, and many weeks, even months, of conditioning are normally required before 

the lifetime reaches acceptable values. 

The electron-scrubbing time t = needed to arrive at a particular value of n has been 

xed in the lat 

ranging down to 10" 

44) 
measured in the laboratory ', and an empirical engineering formula valid for n values 

t (hours) - 10" 8n' 
s 

• 2 ' 8 Isï 81 
(5.5) 

The published data from SPEAR, DORIS, PEP, and PETRA allow an estimate to be made of 

both n and the comparative scrubbing times needed to achieve that value of n. This can be 
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carried out because, for all these machines, values of the pressure increase AP in the pre
sence of a given circulating beam current are available along with the estimated values for 
the linear pumping speed S T. 

The linear desorption coefficient q is by definition 

qg = S L AP . (5.6) 

If q is known, n and t may be estimated from formulae (5.3), (5.4), and (5.5). 
Table 5.1 shows such values as have been estimated. 

Table 5.1 
Estimated vacuum parameters 

SPEAR DORIS PEP PETRA' LEP 

Scrubbing current 
[Eq. (5.3)] (A/m) 0.64 6.6 0.23 0.20 0.0021 

Beam current I (mA) 100 1000 200 200 20 
Scrubbing time for 
n = 4 x H T 5 [Eq. (5.5)] (h) 10 1 28 33 3100 

Linear pumping speed S T 

(S. sec - 1 m" 1) L 100 600 160 100 ? 

Pressure rise AP due to I 
(Torr) 2 x 10' 8 2 x 10" 8 5 x 10" 8 10"8 10" 8 

(say) 

Calculated qs/n[Eq. (5.4)] 
(Torr I sec"1 m - 1 ) 0.24 2.5 0.086 0.078 0.0008 

q s = S L AP 
(Torr I sec - 1 m - 1 ) 2 x 1 0 - 6 12 x 10" 6 8 x 10 - 6 10" 6 ? 

n = S L AP(n/q s) c a l c < 8.3 x 10" 6 4.8 x 10~ 6 93 x 10" 6 13 x 10" 6 ? 

The arithmetic mean value of n for these machines is 4 x 10" 5. Row 3 of the table in
dicates the scrubbing times necessary (for the values of I quoted in row 2) in order to 
achieve such a value of n. Bearing in mind that in reality SPEAR needs many weeks of scrub
bing before achieving reasonable values of lifetime and thus n, it is obvious that if elec
tron scrubbing is to be used for LEP then some 600 mA of circulating current will be needed 
in order to reduce the estimated scrubbing time to about 100 hours. 

In recent years, glow-discharge cleaning followed by electron scrubbing under vacuum, 
has been shown to be successful in reducing n to the range 10" 6. Such values were obtained 
in the laboratory ' J, and have not yet been confirmed with actual machines. A value of 
n must be assumed in order to design a vacuum system for LEP. For the purposes of this re
port, a value of n = 4 x io - 5 is assumed, and this leads to the estimate 

q^CLEP) = 5 x 1 0 - 8 (Torr I sec - 1 m _ 1 ) (5.7) 

for circulating currents of 2 x 15.34 mA throughout the energy range. 
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In all that follows, this value of the desorption rate is used irrespective of whether 
the vacuum chamber is in a dipole or any other multipole. This is reasonable because an 
analysis of the distribution of the energy deposited by synchrotron radiation reveals that 
in the normal lattice, energy is deposited fairly uniformly along the length of the vacuum 
chambers as long as the cross-section is everywhere constant. Changes in cross-section are 
undesirable for many reasons, but not least amongst them is the fact that small changes can 
lead to an enhancement in the energy deposited at such a change by as much as two orders of 
magnitude. 

5.2.2 Thermal desorption coeffiaient g 

The value of the specific thermal desorption coefficient Q in Torr a sec"1 cm - 2 de
pends upon the choice of material and its subsequent thermal treatment. Values as low as 
10" 1 3 Torr I sec"1 cm"2 for CO and 10" 1 2 Torr I sec"1 cm"2 for H 2 have been measured ' 
under laboratory conditions for most materials after bake-out at temperatures between 200 
and 300°C. Unbaked materials commonly have coefficients two orders of magnitude larger than 
the values quoted above. 

Since the "linear" thermal desorption coefficient is defined as 

qt(Torr I sec"1 m - 1) = 200ir Qt(Torr I sec - 1 cm"2) A [cm) , (5.8) 

where A is the radius in centimetres of the vacuum chamber, the value to be assumed for q 
will depend upon the dimensions of the actual chamber. The minimum dimensions for any vacuum 
chamber are given by the beam aperture requirements, which in LEP leads to A = 8 cm. 

Thus one needs 

qt(Torr I sec"1 m" 1) < 5 x io3 Q t . [5.9) 

It would be desirable to have q « q , or more specifically 

Q t « 10" 1 1 (Torr I sec"1 cm"2) . (5.10) 

At SPEAR, where the aluminium vacuum chambers are prebaked before installation and sub
sequently handled very carefully in order to avoid contamination by water vapour, the "design" 
figure used for Q is in fact 10" n Torr % sec"1 cm"2. In LEP, this value would be adequate 
only as long as the residual gas spectrum is essentially made up of H 2. If, as has been 
assumed in Section 5.1 and in the derivation of Eq. (5.7), the dominant residual gas species 
is CO, the vacuum chamber will need in situ treatment at temperatures well above ambient in 
order to fulfil the condition q. « q . 

nt s 
There is some evidence J that if a glow-discharge treatment in situ is carried out in 

a vacuum chamber thermally insulated from its surroundings — so that the temperature during 
treatment is allowed to reach some 70 to 80°C (the cooling water in the system need not then 
be evacuated) — the dominant desorbed gas species is indeed H 2 and, in fact, Q values 
< 10" l l Torr I sec - 1 cm"2 are achievable. 

Furthermore, calculations indicate that the synchrotron-radiation power available is 
more than adequate for heating a thermally insulated aluminium vacuum chamber to temperatures 
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of the order of 80°C if the flow of cooling water is carefully limited. This implies, of 

course, that the water-cooling system can handle this temperature range as well as the more 

usual ambient temperature range. 

With all the above considerations in mind, and for the purposes of this study, it is 

assumed that, in LEP, means are made available to reduce Q to acceptable values such that 

% K< V 
5.3 Vacuum system design 

S.S.I Chamber layout and system design 

The vacuum system layout follows naturally that of the magnet lattice. Figure 5.2 

shows a magnet cell for the normal lattice which, for reasons outlined below, may be con

sidered as half a normal vacuum cell. A full vacuum cell consists of all vacuum-system 

components to be found in the length that separates two turbo-molecular roughing pumps (TM). 

This length was chosen in order to arrive at reasonable pumping speeds for TMs (100 £/sec) 

and reasonable rough-pump-down times (24 hours). The whole vacuum system throughout the 

normal lattice is then simply a repetition of the single cell. Intersection regions are 

treated separately below. Injection, ejection, synchrotron-radiation collimation, and 

wiggler magnet regions all present special problems and are not treated at all in this re

port, but there is every reason to believe that present-day vacuum technology can provide 

solutions. 
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If one combines the pressure requirement of 10" 8 Torr from Section 5.1 with the estimated 
desorption of 5 x 10" 8 Torr I sec - 1 m - 1 from Section 5.2, it is obvious that a linear pumping 
speed of 5 I sec - 1 m - 1 will suffice. In all existing and projected high-energy electron stor
age rings, linear pumping speeds much in excess of this value are obtained by means of dis
tributed sputter-ion pumps working in the fringes of the main magnetic field of the bending 
magnets. Such pumps need fields in excess of 0.1 T in order to work efficiently. For example, 
the SPEAR design for a distributed sputter-ion pump with anode cells of 1.25 cm diameter and 
2.8 cm height, working in the optimum magnetic field of 0.35 T, has a pumping speed of 
500 I sec - 1 m - 1 . The same pumps at 0.05 T, which is the maximum magnetic bending field in 
LEP, do indeed have a pumping speed of the order of the required 5 I sec"1 m" 1. However, 
injection into LEP is to occur with fields of the order of 0.01 T and, although a sputter-
ion pump workable in this field range (having very large anode cells of the order of 10 cm 
diameter) can be envisaged, no such pumps have as yet been developed. Hence, as a first 
attempt at designing a vacuum system for LEP, only "lumped" pumps placed at the end of the 
bending-magnet units are considered. Clearly, this leads to a minimum conductance specifi
cation for the vacuum chamber, given that the pressure and desorption rates are predeter
mined. 

Figure 5.2 shows a typical pressure distribution curve along the LEP half vacuum cell 
assuming a round pipe of nominal radius 10 cm with lumped pumps of nominal speed 600 A/sec 
at each end of the bending magnets. It is seen that the average pressure is indeed 
z 10" 8 Torr. 

The quadrupoles and sextupoles of LEP have reasonably large magnetic fields between 
their pole tips, and Fig. 5.3 outlines the expected performance of a SPEAR-style, 2 m long, 

100 GeV 

Fig. 5.3 Extrapolated performance of a quaarupole sputter-ion pump 
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sputter-ion pump mounted as shown in the figure. It is seen that each quadrupole, if equip
ped with two pumping units consisting of 320 cells each, might develop speeds in excess of 
600 £/sec throughout most of the energy range of LEP. The sextupoles, similarly equipped, 
could have speeds in the range 60 Jl/sec and, since they are to be separately powered (the 
quadrupoles and bending magnets would only be powered when beams are required to circulate), 
can be used as holding pumps. 

In short, the vacuum system of LEP could consist of a chamber having a smooth circular 
bore of nominally 20 cm diameter, with appendages suitably oriented in the quadrupoles and 
sextupoles to take sputter-ion pumps, and equipped with suitable cooling channels to carry 
away the heat generated by the synchrotron radiation. The cross-section of such a chamber 
enclosed by the magnetic elements of LEP is illustrated in Fig. 5.4. 

Steel shell 

Shaped conductor 

Fig. 5.4 LEP vacuum-chamber cross-section, compatible 
with dipole, quadrupole, and sextupole magnets 

There remains the choice of material, which in all of the above has been tacitly assumed 
to be an aluminium alloy because of its known vacuum properties and performance in existing 
storage rings. The final choice of the vacuum-chamber material will not, however, depend 
upon vacuum considerations alone but also upon thermal and mechanical characteristics re
lating to cooling and fabrication problems. 

An alloy of aluminium is nevertheless a good first choice for study since it is extru-
sible into the shape desired, and has adequate thermal conductance for handling the thermal 
load of the synchrotron-radiated power of LEP, no matter where one locates the cooling 
channels. 

5.3.2 Cooling and shielding requirements 

The cooling requirement for the LEP vacuum chamber is not too severe, the thermal load 
due to synchrotron radiation amounting to at most 1147 W/m. This can be handled by a 
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conventional water-cooling system having a flow rate of 2.7 m 3/h for a pressure drop of 
2 atm across a length equal to that of a bending magnet, and for a rise in temperature over 
such a length of 15°C. 

Preliminary calculations indicate that, with such a cooling system, the maximum expec
ted temperature of the aluminium wall, in the region of first impact of the synchrotron 
radiation, amounts to some 50°C when the cooling water is kept at 20 CC. An increase of 
temperature of the cooling water implies a similar increase in the maximum temperature of 
the chamber wall. 

Approximate analytic calculations indicate that, in reality, and with the dimensions 
of chamber and magnet as given in Fig. 5.4, only some 551 of the total synchrotron radiation 
will be absorbed in the aluminium walls of the chamber. A further 231 will be absorbed by 
the aluminium coils of the magnet, while 11% is absorbed by the iron yoke, and 101 of the 
radiation ends up in the tunnel walls. The last II, amounting to around 12 W/m, is absorbed 
by the air inside the tunnel. Although this last figure does not appear exorbitant, and it 
consists mostly of photons having energies in excess of 100 keV, such power levels absorbed 

1(7") 

in air produce a highly corrosive atmosphere of nitric acid and ozone ' . For this reason 
it appears essential to shield the vacuum chamber with lead. A 3 mm thick cylinder surroun
ding the vacuum chamber will ensure that some 941 of the total radiated power ends up in the 
lead-shielded vacuum-chamber region. This implies that the lead must be in good thermal 
contact with the water-cooled aluminium chamber. With lead shielding, the aluminium coils 
absorb a further 31 and the magnet yoke about another 21. This arrangement still allows 
II to emerge into the tunnel, but only 0.11 will be absorbed by the air with 0.91 ending up 
in the tunnel walls. The photons emerging into the tunnel will be those Compton-scattered 
out of the magnet-cum-vacuum chamber structure. Their energies will be mostly in excess of 
0.5 MeV and are not easily shielded by even more lead, because in this energy range, and 
certainly above 1 MeV, the Compton scattering cross-sections exceed those for photo absorp
tion for most common shielding materials. With a 3 mm thick lead shield, equilibrium con
centrations have been estimated assuming that every 35 eV (needed to produce one ion pair) 
of radiated energy absorbed by the air produces one molecule of nitric acid or ozone J . 
The production rates amount to 0.72 parts per million per hour. If the air in the tunnel 
is exchanged completely for "fresh" air once per hour, the equilibrium concentration is 
then 0.72 ppm for nitric acid (HNO3). Ozone (0 3) has a half-life of 10 minutes so that its 
equilibrium concentration is 0.14 ppm. 

it?'] The maximum acceptable concentrations for human exposure are quoted ' as being 5 ppm 
for HNO3 and 0.1 ppm for 0 3. The difference between the estimate of 0.14 ppm for ozone 
concentration and that considered acceptable is not believed to be significant, bearing in 
mind the rudimentary nature of the calculations. Thus the tunnel may be considered to be 
habitable. However, about half of the total number of ion pairs are produced inside the air 
gap between the aluminium coils and the iron yoke, and there the concentrations in this much 
smaller volume are around 36 ppm for both nitric acid and ozone. This latter estimate assumes 
that the air in the gap moves along the 40 m bending magnet at around 1 m/sec. 

All of the estimates given above are based on simplified analytic calculations. A more 
sophisticated calculation, perhaps involving many layers of shielding, will have to be 
carried out in order to employ K-resonance effects, if better evaluations show that the 
radiated power absorbed by the air inside the iron yoke presents a corrosion problem. 
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5.4 Vacuum in intersection regions 

The design of the vacuum chambers in the intersection regions will depend entirely on 
the exigencies of the experimental equipment, the details of which are discussed in 
Section 7. It appears, however, that average pressures in these regions should approach 
1 0 - 1 1 Torr, a requirement which is considerably more stringent than for the normal lattice 
of the machine. Nevertheless, it is feasible to design a system with the following charac
teristics : 

i) nearby quadrupoles are equipped with sputter-ion pumps of speed at least 600 A/sec 
(at < 10" 1 0 Torr); 

ii) synchrotron radiation is absorbed elsewhere than in the 20 m of interaction region 
(this is already a requirement for reasons based on the elimination of background in 
the experimental region); 

iii) the 20 m of interaction region is bakeable to at least 200°C, thus reducing Q to less 
than about 10~ 1 2 Torr I sec - 1 cm - 2; characteristic (ii) above implies that q « q.; 

iv) the vacuum chamber is made of either an aluminium alloy (say 3 mm thickness) or stain
less steel (say 0.3 mm thickness); it has an inner diameter not less than 20 to 30 cm. 

Such an arrangement will yield an average pressure, throughout its length, of around 
3 x 10" 1 0 Torr with the sputter-ion pumps proposed. In order to decrease this value to 
10" 1 1 Torr, it will be necessary to introduce more pumps. For example, titanium sublimation 
pumps at 4 m intervals will suffice, but other arrangements can always be envisaged depending 
upon the particular arrangement of the experimental equipment. 

5.5 Outstanding problems bearing 
upon the vacuum 

5.5.1 Bakeout and 
glow-discharge gleaning 

It is obvious from the above remarks that the pressure requirement, although at first 
sight not too stringent, could nevertheless present a problem in the bending magnets if cer
tain regions become "contaminated". For this reason, the vacuum chamber for the quadrupoles 
should also be used throughout the bending magnets. The spaces in these chambers, in which 
sputter-pumps are installed in the quadrupoles, could be used in the bending magnets for 
pumping by means of recently developed non-evaporable getter pumps -*, or for mounting a 

If g ̂  
glow-discharging wire , or a heating element for bakeout. 

Glow-discharge cleaning during a 300°C bakeout with subsequent electron scrubbing has 
been shown, in the laboratory , to be effective in reducing n into the range 10" 6. Further
more, a subsequent 24-hour exposure to air followed by a 300°C bakeout did not deteriorate 
the surface cleanliness to any great extent. However, the pressure in the vacuum system 
employed was < 10" 1 0 Torr, and it is not clear whether in electron storage rings working at 
< 10~8 Torr the same surface conditions can be achieved. These apparent solutions to the 
contamination and pressure requirements need a considerable amount of model and development 
work before they themselves can be shown to be free of problems, especially if the glow dis
charge and bakeout are to be carried out over considerable fractions of the circumference. 
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5.5.2 Smooth bore 

The requirement of a fairly uniform geometrical cross-section throughout the vacuum 
system presents considerable problems when confronted with the needs for ancillary equipment 
such as sector valves, pick-up stations, and equipment for beam separation, injection and 
dumping. The major problem of this nature will, however, be encountered with the many coup
ling arrangements needed at the junction between each lattice element. 

Bellows will be needed to take up, during installation, errors in manufacture, and to 
absorb the consequences of inevitable temperature changes. As mentioned above, the region 
of the vacuum-chamber walls struck by the synchrotron radiation will be some 30°C above that 
of the coolant. Other regions will suffer from effects of thermal loads due to "higher-mode 
losses" of the electromagnetic radiation associated with the RF structure of the beam. 

5.5.3 Multipactoving of the Vacuum chamber 
50' 

A pressure rise, believed to be due to multipactoring in the presence of bunched beams 
was observed in a section of aluminium vacuum chamber recently mounted in the ISR. The condi
tion for multipactoring in this situation is met when the time taken by an electron to tran
sit the vacuum chamber in the presence of the electric field of the beam, is equal to the 
time elapsed between the appearance of consecutive bunches. Such electrons can release secon
dary electrons from the wall (with materials such as aluminium or aluminium oxide wherein 
secondary-emission coefficients are often much in excess of unity), which then retransit the 
vacuum chamber eventually creating an avalanche of electrons capable of desorbing large 
quantities of gas from the surface of the chamber. Transit times for secondary electrons 
in LEP are some 800 times smaller than the elapsed time between bunches so that multipac
toring should not be a problem. This is because circulating currents are 15 mA whereas the 
critical circulating current for the onset of multipactoring as given by 

Ic(A) = 1.7 x 10*(-^J (5.11) 

is 66 yA (with a the radius of the vacuum chamber, C the circumference of the storage 
ring, and k, the number of current bunches). Furthermore, at 66 yA the kinetic energy trans
ferred to an electron at the vacuum chamber wall is 4.4 x 10"3 eV and this is insufficient 
to release further secondary electrons. 

6. INJECTION SYSTEM 

6.1 Synchrotron/1inac alternative 
The design of an injector system for a large electron-positron storage ring is strongly 

influenced by the filling rate for the positrons ; the system chosen should be capable of 
filling the main ring in an acceptably small fraction of the expected storage time. The 
rate at which each LEP bunch may be filled is determined by the charge accepted per injec
tion and by the time taken for the coherent horizontal betatron oscillations, excited in 
the injection process, to be damped sufficiently to allow efficient filling. 

The peak energy of the injector system should be equal to or greater than 20 GeV, which 
is the lowest operating energy in the main ring. Otherwise the magnetic field levels at 
injection in LEP are undesirably low. Since, in the main ring, the horizontal damping time 
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varies inversely as the cube of the operating energy, faster filling could be achieved by 
choosing a higher injection energy; however, the provision and use of wiggler magnets, as 
described in Section 2.2, allows a decrease in the natural damping time. In particular, 
the use of the proposed luminosity wigglers decreases the damping time at 20 GeV, x2o> from 
2.8 sec to 1 sec, which corresponds to the natural damping time at 28 GeV. The provision 
of further wigglers at points of zero dispersion, as described in Section 6.4.3, allows a 
further reduction in T20 to about 0.7 sec. Since the cost of the injector system increases 
with its peak energy, 20 GeV has been chosen as the design energy for the injector. 

To assess the viability of a 20 GeV linear accelerator, the SLAC beam parameters as 
35") quoted in the PEP design report J were assumed initially, namely 1.3 x 10 9 e per 1 nsec 

pulse (four S-band pulses) and, with positron conversion at about 5 GeV, 1.3 x 106 e per 
1 nsec pulse. The peak intensity in LEP, required for SO GeV operation, is 3.29 x 10 1 3 par
ticles per beam of 32 bunches, i.e. about 10 1 2 particles per bunch. Thus to fill each 
positron bunch requires about 7700 injections. An allowance of one damping time, T 2 0 , 
between successive injections into the same bunch and the pulsing of the linac at intervals 
of (n ± 32) T „ , where n is an integer and T is the revolution time in LEP (to ensure *• -" rev 6 rev 
that each of the 32 bunches is filled successively), leads to a cycling rate of the linac of 
about 45 Hz and a theoretical filling time for positrons of approximately 1| hours compared 
with a storage time of about 5 hours. The peak electron current is 0.2 A, but the average 
current is very low. 

To achieve a theoretical positron filling time of, say, 10 min would require a peak 
current of some 2 A in a pulse of 1 nsec. However, a 1 nsec injected pulse proves to be too 
long because of bunch lengthening and widening effects at high stored currents in LEP. To 
compensate for higher-mode losses, the accelerating voltage in LEP is raised, leading to an 
increased momentum spread for an injected pulse of given phase extent. It is difficult to 
provide stable betatron motion in LEP for a momentum spread > 0.751 and, as a consequence, 
the phase acceptance will be limited to one rather than four of the S-band pulses so that 
the linac's peak current requirement becomes 8 A for a 10 min positron fill. Although there 
would still be no power limitation associated with the positron converter, such a heavily 
space-charge loaded bunch might be difficult to accelerate and maintain stable in the linac. 

The use of a 20 GeV synchrotron has the advantage that whilst, at injection into the 
synchrotron, the momentum and phase acceptance may be large, the output beam from the syn
chrotron will have small momentum spread as a consequence of damping during acceleration and, 
by choice of a suitable lattice with high r , an acceptably small phase extent. Cost con
siderations dictate relatively low-energy linacs for injection into the synchrotron, and 
hence a small positron conversion efficiency. Two possible methods are then available to 
obtain the required e filling times in LEP. In the first, many positron bunches are accel
erated and these are subsequently merged into the required number. In the second scheme, 
use is made of an intermediate low-energy storage ring which allows accumulation of positrons 
at a faster rate than the allowable injection rate in LEP. One further major advantage of 
a 20 GeV synchrotron system is that its total cost would be approximately half that of a 
20 GeV linac injector. 

For the reasons outlined above, we propose an injector system based on a 20 GeV synchro
tron, and in the subsequent sections we describe these two synchrotron systems. 
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6.2 System I design 
6.2.1 Synchrotron lattice 

The synchrotron lattice is made up of four superperiods each containing nine separated-
function EBDB cells and an insertion of four "missing-magnet" FODO cells. The quadrupoles 
are excited so as to produce an over-all betatron phase advance of 2ir radians in the inser
tion and thus to match the lattice functions. The injectors are 380 MeV electron and posi
tron linacs with the energy being set by consideration of the remanent-field effects in the 
synchrotron. The RF frequency must be the 8 subharmonic of a standard S-band value and 
the same as the LEP main ring frequency. The synchrotron's mean radius is chosen to be 
exactly / 3 0 of that of the main ring, which is important for the bunch accretion process 
described in Section 6.4. Parameters for this lattice are given in Table 6.1 below. The 
lattice functions are illustrated in Fig. 6.1. 

Table 6.1 
Parameters for System I synchrotron lattice 

Repetition frequency (Hz) 50 RF voltage at 20 GeV (MV) 116 
Peak energy (GeV) 20 Synchrotron oscillation wave number 0.048 
Mean radius (m) 273.72 Total RF structure length (m) 152 
Dipole bending radius (m) 160.15 Transit-time corrected shunt impedance (M2/m) 19 
Number of superperiods 4 Peak RF structure power (MW) 4.66 
Horizontal and vertical tune 27.25 Revolution time (visec) 5.74 
Value of y at transition 22.75 Horizontal betatron emittance at 20 GeV (2 a) 
RF harmonic number 2048 (ran mrad) 0.3 
RF frequency (MHz) 357.0 Momentum spread at 20 GeV (2 a) ($) 0.26 
RF phase angle at 20 GeV (°) so Injection energy (MeV) 380 
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Fig. 6.1 Lattice functions in the injector synchrotron 
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6.2.2 Synchrotron components 

The RF structure is subdivided into 28 sub-structures, each containing 13 half-wavelength 
cells. These are positioned in each of the available straights in three of the insertions, 
and in four of the straights of the fourth insertion. The injection and ejection kickers 
and septum magnets occupy the remaining four straights of the fourth insertion. There is a 
total of seven klystrons; each feeds four RF structures and provides a peak power of 660 kW. 

Positrons are injected in a single turn of 32 equally spaced bunches, being kicked 
onto the closed orbit with a 2 m long fast kicker magnet having a flat top of about 5.74 ysec 
and a fall-time of less than 179 nsec at a field of 0.09 T. After acceleration the positrons 
are extracted in a single turn by means of an identical kicker with a rise-time of 179 nsec, 
followed by a pair of septum magnets, the first having a 4 mm septum of length 0.85 m at a 
field of 0.5 T and the second having a 15 mm septum of length 1.9 m at a field of 1.5 T. 

Electrons are injected as single bunches in the opposite direction, with the positron 
extraction kicker becoming the electron injection kicker and the positron injection kicker 
becoming the electron extraction kicker, followed by a further pair of septum magnets. There 
is provision in the inter-magnet gaps in the normal cells for the inclusion of sextupoles 
for chromaticity correction, dipoles for closed-orbit correction, beam-position monitors, etc. 

6.2.3 Magnet apertures 

The quadrupoles and sector dipole magnets are constructed from 0.5 mm steel laminations 
and are powered by a resonant supply providing biased sinusoidal excitation at a repetition 
frequency of 50 Hz. The apertures are determined by the emittance of the injected positron 
beam, taken as 10 mm mrad, the electron beam emittance being an order of magnitude less, and 
by the momentum spread after trapping which, after allowing a factor of 2 blow-up in longi
tudinal phase-space area, is ±1.51 for a linac beam having a momentum spread of ±0.51. The 
variation of the horizontal betatron emittance during acceleration is illustrated in Fig. 6.2. 

10 
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Fig. 6.2 Radial betatron emittance in synchrotron versus energy 
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The beam-stay-clear semi-apertures are calculated by adding 10 mm in each plane, to allow 
for closed-orbit errors, to those required to contain the betatron and radial synchrotron 
oscillations, and are: 

Horiz. Vert. 

F-quadrupole 42 mm x 20 mm 
D-quadrupole 25 mm x 29 mm 
Bending magnet 38 mm x 27 mm 

6.3 System II design 

6.3.1 Positron aaawrm.1ati.on ring 

An alternative system for enhancing the positron fill rate without the storage in LEP 
of many bunches is the use of a low-energy positron accumulation ring. The proposed system 
has electron and positron linac energies of 650 MeV, a linac pulse repetition frequency of 
25 Hz, and positron storage in nine equally spaced bunches in a 650 MeV storage ring. There 
is a transverse betatron damping time of 40 msec in the ring for rapid repeated injections. 

Table 6.2 lists the parameters of such a positron accumulation ring. It consists of 
12 asymmetric FBDO cells, each containing one bending magnet and one drift length of 4.75 m. 
To ensure that the horizontal damping partition number J is equal to unity and thus provide 
a small output emittance, the bending magnet has an n value of 0.5. A sketch of the cell 
geometry together with the lattice functions is presented in Fig. 6.3. The magnet apertures 
are determined by the requirement to inject the positron beam, of emittance 5.8 mm mrad, 
into an already occupied bucket; to contain the resultant betatron oscillations requires 
a radial acceptance of 32 mm mrad. The need to accept a momentum spread of ±0.5$, rising 
to about ±0.71 after trapping, influences both the aperture and the peak RF voltage; both 

Table 6.2 

Parameters of positron accumulation ring 

Energy (MeV) 650 
Mean radius (m) 14.434 
Bending field (T) 1.4 
Number of superperiods 12 
Horizontal and vertical tune 4.75 
Momentum compaction factor 0.0064 
RF harmonic number 108 
RF frequency (MHz) 357.0 
Synchrotron radiation loss per turn (keV) 10.2 
Peak RF voltage (kV) 365 
Revolution time (nsec) 302.5 
Synchrotron oscillation wave number 0.025 
Horizontal betatron emittance (2 a) (mm mrad) 0.5 
Momentum spread (2a) (1) 0.09 
Horizontal radiation damping time (msec) 38.6 
Average stored current (mA) 25.3 

http://aaawrm.1ati.on
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T\ (m) 

LENGTH (m) 

Fig. 6.3 Lattice functions of unit cell of positron storage ring 

would be reduced if a bunch compression system was included in the transfer line between 
positron linac and accumulation ring. The vertical apertures are set by the vertical emit-
tance of the injected beam. The resultant beam-stay-clear semi-apertures, including 10 mm 
for closed-orbit allowance, are: 

F-quadrupole 
D-quadrupole 
Bending magnet 

Horiz. Vert. 
44 mm x is mm 
25 mm x 20 mm 
39 mm x 19 mm 

Positrons are extracted in single bunches at a rate of 12.5 Hz, accelerated to 20 GeV 
in the synchrotron, and injected successively into each of the required 32 LEP buckets. 

6.3.2 Modifisations to synchrotron 

The synchrotron's lattice parameters may be the same as for the System I design but 
the magnet repetition rate is reduced to 12.5 Hz, only single bunches being accelerated, 
and the magnet apertures are reduced since the positron accumulation ring's output emittances 
are smaller than the System I linac emittances. With the same criteria as the previous ones, 
the required beam-stay-clear semi-apertures are: 

F-quadrupole 
I>-quadrupole 
Bending magnet 

Horiz. Vert. 
24 mm x 13 mm 
17 mm x 15 mm 
23 mm x 14 mm 

Because of the reduced cycling rate, the radial betatron emittance at 20 GeV is about 
12% greater than in System I, as shown in Fig. 6.2. 
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6.4 F i l l i n g processes 

6.4.1 System I 

To enhance the ra te of f i l l for positrons, a system of multi-bunch storage in LEP is 
used, followed by an accretion stage to the required bunch number as is proposed for the 

12") 

Cornell Storage Ring ' . Equally spaced electron bunches, 32 in number and each made up of 
four S-band pulses, are accelerated to 380 MeV in the e" linac, converted to positrons, and 
re-accelerated to 380 MeV in a further linac. These bunches, spaced by 179 nsec, are in
jected in a single turn into the injector synchrotron, accelerated to 20 GeV, extracted in 
a single turn, and injected into LEP to occupy Vso of the circumference. A further 29 such 
cycles are stacked end to end around LEP, thus filling the circumference. This sequence is 
repeated until the required positron charge has been accumulated, albeit distributed in 
960 LEP bunches rather than the required 32. 

To reduce the 960 bunches, i.e. 32 x 30 to 32 x l, a process is used of back transfer 
into the injector synchrotron and then re-injection into the LEP ring after a suitable time 
delay. To achieve the necessary bunch slippage of ±1, the sum of the two transfer-line 
lengths plus the remaining circumference in the injector synchrotron minus the length of 
the main ring between extraction and re-injection points is made equal to 33C/32, where C 
is the full synchrotron circumference. Then a bunch ejected from the main ring will, if 
re-injected after 29 full revolutions in the synchrotron, have slipped in position by one 
bunch spacing. Over this interval, the relative field variation at the peak of the synchro
tron's magnet cycle is AB/B = ±1.8 x lO-1*, so the synchrotron may continue cycling and no 
special provision for a flat top is necessary. 

The 32 groups of 30 bunches may be reduced to 32 single bunches by only 6 operations 
on each train of 32, transferring approximately half of a group at each time. However, as 
each operation involves synchrotron-radiâtion loss in both transfer lines, it is advantageous 
to use 8 operations per train, each operation involving 3 0 + 1 turns in the synchrotron. If 
it is assumed that the transfer lines are formed by continuing the synchrotron's lattice 
structure with matching quadrupoles at the end for optimum beam matching into LEP, the mini
mum energy loss per transfer line is AE/E = 10" 3. With such an energy error on injection 
into the injector synchrotron, the beam will perform coherent synchrotron oscillations. 
These will not be damped in the interval spent in the injector synchrotron, which is short 
compared with the longitudinal damping time at 20 GeV. Since 0 is about 0.05, the bunch 
will perform 1\ synchrotron oscillations during the 30 turns in the synchrotron, and will 
be extracted with AE/E = 10" 3 which compensates for the radiation loss in the second trans
fer line. 

When the positron bunches have been reduced in number to 32, single bunches of electrons 
are accelerated in the synchrotron and transferred into the required 32 LEP buckets. For 
electrons, the accretion scheme described above is not required because of the much higher 
number of electrons than positrons per injection. 

6.4.2 System II 

To avoid the storage of many bunches in the main ring, a positron accumulator is added 
as described previously. The electron linac accelerates nine bunches, equally spaced at 
33.6 nsec, to 650 MeV and, after conversion, the resultant positrons are also accelerated 
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to 650 MeV and injected in a single turn into the accumulation ring. Since this ring has a 
horizontal damping time of about 40 msec, the linacs may cycle at 25 Hz. Just prior to every 
second nine-bunch injection, one of the positron bunches is extracted, accelerated in the 
injector synchrotron, and transferred to LEP; the synchrotron may thus cycle at the reduced 
repetition frequency of 12.5 Hz. Each of the nine bunches stored is extracted in turn, and 
once this sequence is established the charge transferred to LEP in a single bunch at 12.5 Hz 
is equal to 18 times the single-bunch charge injected into the accumulation ring. 

To inject into and extract bunches from the accumulation ring requires kicker magnets 
with rise- and fall-times of 30 nsec. Both Cornell ' and DESY ' have relevant experience 
for the design of such kicker systems. 

Single bunches of electrons are injected directly into the synchrotron at 12.5 Hz at 
an energy of 650 MeV, and accelerated to 20 GeV before transfer to LEP. 

6.4.3 Filling times 

The rate at which either system may fill LEP is determined by the main ring's trans
verse damping time at the injection energy of 20 GeV. The damping time is reduced to 
0.95 sec by use of the luminosity wigglers as in the collision mode. In System II, with 
both electrons and positrons being injected in single bunches at 12.5 Hz, then to fill 
32 main-ring bunches the time lapse between successive fills of the same bucket is 
32/12.5 =2.56 sec, which is ample time for the decay of the betatron oscillations and 
hence efficient injection. In System I, however, positrons are injected at a rate of 
50 Hz to fill 30 trains of bunches, yielding 0.6 sec as the time between successive fills 
of the same train. Since at least one damping time between fills is necessary, the full 
50 Hz capability could not be used, there being a dwell-time of some 0.4 sec per second. 

To improve the damping time for System I, it is proposed to provide a further, identical 
set of wiggler magnets positioned in the main ring near the luminosity wigglers but at the 
location where the dispersion drops to zero. The influence of these units on the beam dy
namics may be expressed by the same equations as given in Section 2.2 but, in this case, 
the value of the invariant H is zero, resulting in a decrease of the beam emittance. If 
these units are powered at the same field levels as the luminosity wigglers, and the beam 
energy spread is limited to the natural value at 100 GeV, namely a = 10" 3, the transverse 
damping time is reduced to 0.68 sec, which more nearly matches the System I capability. In 
addition, the beam emittance a 2/3 is reduced from 0.11 mm mrad to 0.057 mm mrad, where un
coupled values have been assumed. This aids efficient injection. 

For System I it is assumed that an electron gun will deliver a peak current of 1 A and 
take four S-band pulses per injector bucket, giving 8.75 x 10 9 e /bunch. Conversion to 
positrons at 380 MeV, at which energy the conversion efficiency is 8.5 x 10" 3, gives 
7.5 x 10 7 e /bunch. Accelerating 32 bunches per synchrotron cycle with 30 cycles to fill 
the main-ring circumference in 0.6 sec, results in a positron filling rate of 1.2 x îo 1 1 e 
per sec. Subsequently, to condense the 960 bunches into 32 requires, as explained previously, 
a total of 32 x 8 synchrotron cycles. Electrons which are filled in single bunches directly 
into the appropriate LEP buckets are injected at a rate of 4.4 x 10 1 1 e~/sec. With the 
assumption of an over-all injection efficiency of 501, both LEP beams would be filled to the 
peak intensity of 3.3 x 10 1 3 particles per beam in approximately 12 minutes, plus switching 
time, with the System I design. 
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System II has an electron energy of 650 MeV where the conversion ratio e /e~ is 
1.5 x 10" 2. From the details given above, it may be seen that the positron filling rate is 
2.95 x 10 1 0 e per sec per A-peak of electrons, and the electron filling rate is 1.1 x 10 1 : e 
per sec per A-peak. The over-all filling time to peak intensity, with again an efficiency 
of 501, is 47.3 minutes per A-peak of electron current. To achieve the same filling time as 
System I requires a peak electron current of 4 A, which is within the limits of present tech
nology. 

6.5 Main-ring injection and transfer lines 

The transfer lines from the injector synchrotron to the main ring of LEP are placed on 
the inside of the main ring close to one of the eight long straight sections. A schematic 
of the transfer-line geometry is shown in Fig. 6.4. Bunches are injected into the LEP 
horizontal betatron acceptance area using a thin septum magnet, positioned downstream from 
the horizontally focusing quadrupole, approximately 225 m from the interaction point. The 
stored beam is displaced towards the septum by means of a local beam bump produced by two 
fast kicker magnets. The kickers are equidistant from the septum, one upstream and one 
downstream, with a kicker-septum spacing of 1\ cells, corresponding to 90° in betatron phase. 
There are two such systems positioned with mirror symmetry about the interaction point. 

The transfer lines are essentially a continuation of the injector synchrotron, being 
composed of identical FBDB cells. The constraint on path lengths imposed by the accretion 
scheme used in System I, together with a design for minimum energy loss in the transfer 
lines, leads to a distance of approximately 110 m between the synchrotron and the main ring. 

LEP STRAIGHT 

K-Kicker Magnet 
S-Septum Magnet 

tEpD1 

LEP 
DIAMETER 

16-42 km 

Fig. 6.4 Layout of synchrotron and t r ans fe r l i n e s 
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Although the constraint is not applicable in the System II design, it is assumed that the 
transfer lines are unchanged. At the ends of each transfer line there are additional ele
ments to provide the necessary phase-space and dispersion matching to ensure optimum trans
fer. The transfer-line components are pulsed at the repetition frequency of the synchrotron. 

For positron accumulation using System I, the main ring's kickers have a rise-time and 
fall-time of < 179 nsec and a flat top of 5.74 ysec; the beam-bump amplitude at the septum 
is 12 mm, provided by a kick angle of 0.15 mrad with an integrated field of 0.01 Tm in each 
kicker. The positron-extraction kicker, which is also the electron-injection kicker, re
quires a rise-time of < 179 nsec for the bunch accretion process and a flat top determined 
by the number of bunches being transferred; for the scheme described in Section 6.4.1, this 
is < 25 bunches for a flat top of 4.3 ysec. The angular kick required for extraction is 
0.74 mrad, given by an integrated field of 0.05 Tm. 

The parameters of the electron-injection bump kicker for use with System I are deter
mined by the need to leave unaffected the counter-rotating e beam. The rise-time for the 
injection of the single e~ bunches must be less than 1.5 ysec and the total pulse duration 
less than 5.38 ysec with kicker fields of the same magnitude as for positron injection. 

Figure 6.5 shows the normalized betatron phase-space diagram at the septum position at 
injection. The incoming beam is shaped to minimize the required beam-bump amplitude, the 
optimum emittance profile being a function only of the ratio of the incoming emittance to 
the betatron acceptance. The stored beam size is that given by the use of both luminosity 
and injection wigglers, under which conditions the loss on the septum is negligible. 

REQUIRED 
ACCEPTANCE 
(11-3 mm.mrad) 

Fig. 6.5 Radial betatron phase space at LEP injection azimuth 
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The injection kickers for use with System II need only provide for forward transfer 
of single bunches at the reduced repetition frequency of 12.5 Hz. Thus the total pulse 
duration for positron injection must be less than 5.38 ysec, and the kickers for electron 
injection are as described above with a rise-time of less than 1.5 ysec and a duration less 
than 5.38 ysec. The field strengths of the System II kickers are less than 5% greater than 
those of the System I kickers. 

The filling schemes discussed assume that the RF frequencies in LEP and its injector 
synchrotron are both exactly V 8 of the linac frequency, and that the circumference ratio 
of the two machines is exactly 30. It will not have escaped the attentive reader that the 
assumed RF frequencies in LEP and its injector synchrotron are not exactly the same, and 
that the LEP circumference is 0.261 too small. We prefer, at this stage, to present designs 
for LEP and its injector synchrotron which are individually self-consistent but do not quite 
fit together. They can be made to fit together in the final design. 

7. EXPERIMENTAL AREAS 
7.1 Size and shape 

Experiments with very high energy colliding e e beams have been studied in some detail 
both by a CERN Group1-1 and at an ECFA Study Week held at DESY. Some of the relevant features 
of these experiments are outlined below: 

"Experimental Study of the Reactions e e •*• y y , e e near the Z°-Pole" CJ-H. Field 
and B. Richter, Ref. 1, p. 95; ECFA Study, "LEP 1"). Outside a conventional solenoid, a 1 to 
2 m thick iron absorber weighing some 1500 tons is used as a hadron filter. An additional 
y polarization experiment consists mainly of magnetized iron with a toroidal field configura
tion. Such a cylindrical magnet of 6 m diameter and 35 m length, centred around the vacuum 
chamber on one side of an intersection, weighs about 8000 tons. 

"Hadron Jets in e +e" Annihilation at /s = 200 GeV" (W. Willis and K. Winter, Ref. 1, p. 131; 
ECFA Study, "LEP 2"). A variety of calorimeters, Cerenkov imaging devices, and high-density 
wire chambers are considered. A very large number (> 3 x 10 5) of signals have to be trans
mitted to the counting room. Considerable quantities of various liquefied gases are needed. 

"Measurements of Reactions Producing Neutrinos" (D. Cundy, P. Darriulat, F. Palmonari 
and W. Willis, Ref. 1, p. 145; ECFA Study, "LEP 3"). The experimental apparatus includes a 
uranium calorimeter, large arrays of wire chambers, and a big magnet. 

"Photon-Photon Interactions" (L. Camilleri, J.H. Field, E. Gabathuler and G. Preparata, 
Ref. 1, p. 169; ECFA Study, "LEP 4"). Electrons are tagged down to small angles. Therefore, 
this experiment is at present the only one using the full 20 m of available space between 
the interaction-region quadrupoles. Some interest exists in obtaining, at a later stage, 
some more free length between the quadrupoles even at the expense of luminosity. Similar 
tagging systems will probably be installed as parasitic triggers in the other experiments, 
extending them also to 20 m length. 

In Fig. 7.1, the transverse and longitudinal dimensions of all experimental apparatus 
considered for LEP are plotted and also, for comparison, similar data from PETRA and PEP 
experiments. Note that all PETRA experiments except MARK J fill the length of 15 m available 
there because of electron-tagging apparatus. 
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+ PEP 6 
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+ PEP 9 
O PLUTO 

total Length ( m ) 

Fig. 7.1 Size of LEP experiments (•) £PETRA (O) and PEP (+) experiments for compari
son]. (For the definition of LEP 1, LEP 2, ..., see Section 7.1.) 

From the description of the LEP experiments it follows that the experimental halls 
should provide ample space for housing the experiments and the service equipment (refrigera
tion plants, etc.) and for carrying out maintenance or assembly work on bulky equipment. A 
generous maximum crane-hook clearance above the beams and a lifting capacity of about 50 tons 
are required. Access should be provided for heavy and large objects. The counting rooms 
should be as close as possible to the experimental equipment because of signal quality and 
cable cost. 

In Fig. 7.2 the layout of an underground experimental hall is shown. The dimensions 
should be considered as minimum requirements. At least one of the halls should have a large 
alcove, as indicated in Fig. 7.2, for housing apparatus of the type of the u-polarimeter 

Fig. 7.2 Layout of experimental hall 
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(LEP 1). All halls should have the machine tunnel enlarged nearby for access to the RF-
system's klystron bays and for small-angle experimental equipment. The cranes in the alcove 
and in the enlarged tunnel should have an overlap area with the crane in the main hall. 

The experiments and the beams are separated from the freely accessible hall by concrete 
53") 

walls about 1 m thick. Scaling from DORIS and PETRA ; indicates that this thickness should 
be sufficient if used together with local radiation monitors which can inhibit injection in
to LEP once a fixed dose-rate is surpassed. 
7.2 Background problems 

The following is a summary of the section on background (p. 203) of the Physics Study 
Report ' . Most experiments foresee large arrays of wire chambers closely surrounding a 
thin-walled vacuum chamber in the intersection region. Some of these detectors may contain 
a high-Z gas (e.g. xenon) under pressure, which gives a conversion efficiency for photons 
of 100%. 

There may be a serious problem for pattern recognition if there are more than 50 random 
hits in a detector per bunch-bunch collision, corresponding to about 10 7 photons/sec at a 
photon energy above 15 keV, the cut-off energy of a thin vacuum chamber. There may also be 
a problem if the number of charged background tracks coming from the interaction point ex
ceeds 0.1-0.2 tracks per bunch-bunch collision, or some 10" tracks/sec. 

7.2.1 Synohrotron radiation from 
dipoles and quadrupoles 

The 10 1 7 photons/sec with an energy above 15 keV, created in the straight-section quad
rupoles, are not stopped in the intersection region when produced by electrons with less 
than 10 a divergence. The pressure in the intersection should then be below 10" 1 0 Torr to 
avoid Compton scattering on the residual gas. Beyond the intersection, these photons are 
prevented from reaching the detectors by the collimators needed to screen the intersection 
from the synchrotron radiation produced in the bending magnets. 

In order to be able to stop the photons, coming from the last bending magnets near 
the straight section, before they reach the detectors, a 101-field magnet for bending the 
beam into the straight section and a set of collimators are needed. The layout of these 
collimators is shown in Fig. 7.3. Collimator C6 stops the higher-energy photons from the 
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aperture 

(cm) 
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Fig. 7.3 Layout of collimators 
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last full-field magnet, and collimators C5 and C2 stop radiation from the 101-field magnet. 
If the outer radial aperture limit is larger than 90 mm over the region between collimators 
C5 to C2, only radiation leaking forward from the edges of collimators C6 or C5, or photons 
back-scattered from C2, can reach the vacuum chamber in the region between C3 and C4 where 
the detectors are installed. There, collimators C3, C4, C3', C4' force the photons to scatter 
again before reaching the intersection region vacuum chamber. These two collimators are cir
cular or elliptical, off-centred towards the inside of LEP by several centimetres. The inter
section region vacuum chamber must have a minimum diameter of 25 cm, if installed off-centred, 
or of 30 cm if centred. Of those of the 1 0 1 6 photons/sec which are scattered at C6, C5, and 
C2, only some 10 5 photons/sec of energy above 15 keV reach the thin intersection region vacuum 
chamber. Most of these photons arrive 300 nsec after the bunch-bunch collision. 

7.2.2 Interaction of the synchrotron radiation 
with the other beam 

Whenever two e e" bunches collide, two "bunches" of photons also collide, created in 
the quadrupoles nearby and very effectively focused on the interaction point. The luminosity 
for electron-photon collisions is in the range of 10 3 0 cm - 2 sec - 1. Interactions take place 
via Compton scattering and pair production at a rate of 50 kHz for both processes. Since 
a fair amount of this rate emerges at very small angles, it is not visible at the experiments 
and is tolerable for large-angle apparatus. However, there may be some inconvenience for 
small-angle electron tagging systems. 

7.2.3 Other sources of background 

A very large number of electrons is continuously lost from the stable RF buckets because 
of beam-gas bremsstrahlung. These electrons still carry almost the full beam energy, and 
effective collimators should be foreseen in places far from the intersections in order to 
intercept them. 

Electron pair production via the two-photon exchange process e e ->ee + e e ~ may 
also be quite annoying. With a cross-section of more than 10 mb and a luminosity of 
10 3 2 cm - 2 sec - 1, the total number of pairs produced exceeds 106/sec. Fortunately, most of 
these electrons have very low energy. In experiments with an axial-field magnet they would 
spiral inside the vacuum chamber and not reach the detectors. The process might serve as a 
high-rate luminosity monitor for setting-up purposes. 

8. COST ESTIMATES, TIME SCHEDULE, AND MANPOWER 
Some very preliminary cost estimates have been made for the LEP machine described in this 

report. It must be emphasized that these estimates have been derived by scaling costs from 
other machines and should be considered as giving only an indication of the magnitude. More 
precise estimates can be made only after detailed engineering studies have been carried out. 

The costs of construction for LEP are divided into three parts: 
- cost of injector synchrotron and injection transfer; 
- cost of the main machine; 
- cost of insertions and experimental areas. 

Some comments are also included on annual operating costs. 
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8.1 Injection 
A rough estimate for the cost of the injector synchrotron, its linacs, and the injec

tion beam transfer have been made by the Rutherford Laboratory Group. If to this is added 
costs for relevant staff and installation labour, the total cost for the injection system 
is of the order of 140 MSF. 

8.2 The main machine 
For the components of the main machine other than the RF system, these costs are based 

on CERN experience, particularly on figures from the costs of construction of the SPS. For 
the RF system, costs from the PETRA machine at Hamburg have been extrapolated to LEP para
meters . 

It should be pointed out that some costs, in particular those connected with civil 
engineering and other site work, are strongly dependent on the site chosen for LEP. In the 
present estimates, it has been assumed that the site has a similar over-all topography to 
that of the SPS site, i.e. for tunnel depth, tunnelling techniques, shaft depths, etc. Were 
the site to be different from that of the SPS, the costs would change considerably. 

In order to carry out the cost optimization procedures mentioned in Section 1.2, all 
costs associated with the RF system have been separated out from those connected with the 
rest of the ring. For this purpose, the active length of the RF system has been assumed 
to be 2.5 km, although the physical length of the widened tunnel needed for the RF equipment 
and for access to replace klystrons is about 6 km. 

For purposes of scaling, the estimated costs have been reduced to unitary prices in 
terms of costs per kilometre of bending for the main ring and, for the RF system, per active 
kilometre and per megawatt. Some costs are indicated that are independent of the size of 
the machine. These are chiefly administrative costs, such as overheads, travel, office 
supplies, etc., but also include a small amount of staff and labour costs and the cost of 
a control centre. 

It is assumed that the construction of the machine would take about 6 years. It is 
also assumed that the staff figures would be similar to those needed for the construction 
of the SPS machine, i.e. would rise to about 450 staff in the final years for LEP and its 
injector. The total for the main machine agrees with estimates made for staff needs for 
the individual components, and gives a total, during the construction period, of about 
2400 man years. Temporary labour for installation and other work, during the construction 
period has been estimated to be about 2000 man years. 

With these assumptions, and an assumed bending length of 38.5 km for the main ring 
without RF sections and an active length for the RF system of 2.5 km, the total cost for 
the main LEP ring (without experimental insertions) comes to about 2100 MSF. The unitary 
breakdown is as shown at the top of p. 64. 

8.3 Intersect ion regions 

It might be considered feasible to begin early operation of LEP with fewer intersection 
regions for physics than the eight assumed in this report. Thus the costs per intersection 
have been estimated separately from those of the main machine. 
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Main ring, without KF (38.5 Ian of bending assumed) 

Magnets, power supplies, supports, cooling, 
installation, staff, and labour 
Tunnel, buildings, sitework, staff, and labour 
Vacuum, cooling, staff, and labour 
Instrumentation and control, staff, and labour, but 
excluding main control centre 

MSF/km 

14.1 
14.1 
2.5 

5.5 

RF cavities, etc. (2.5 km active length) 

Cavities, staff, and labour 
Housing, staff, and labour 
Vacuum, staff, and labour 
Instrumentation and controls, staff, and 
labour 

RF power installation 
Costs unrelated to radius or power 

36.2 

MSF/active km 
87.0 
32.2 
2.4 

4.4 
126.0 
2.3 MSF/MW 
160 MSF 

Again, it should be emphasized that the cost of building structures around the inter
sections will be strongly dependent on the site, and the present estimates also assume a 
topography similar to that of the SPS, with the experimental halls being large underground 
caves connected to the outside world by vertical shafts. If LEP were to be built close to 
the surface, these halls could be constructed above ground level. This would affect their 
cost and improve the flexibility of experimental arrangements. The assumed building struc
tures will also depend on the size of the experiments and associated equipment. With the 
experiments that have been already considered , differences in volume from about 15,000 to 
25,000 m 3 have been assumed. Other costs include a counting room, cranes, shielding, 
supports, cabling, special floors, etc., together with the required special intersection 
quadrupoles. Temporary labour costs are included but no staff costs, since these have been 
included under staff costs for the main ring. 

With these assumptions, an estimate of costs per intersection region is from about 
15 to 30 MSF. 

8.4 Annual operating costs 

At this early stage, it is even more difficult to estimate the annual operating costs 
for LEP than to estimate its cost of construction. Nevertheless, an attempt has been made 
to obtain a rough idea. For an assumed operation equivalent to 3000 hours at 100 GeV, the 
power required for the RF system, the LEP magnets, the injector, and the equipment for the 
physics experiments comes to a total of almost 700,000 MWh per year. Klystron replacement 
costs are based on an assumption of a lifetime of 10,000 hours and a recuperation value of 
251 for failed klystrons (this value could well be quite different in actual practice). 
Other material costs are based on an assumption of 1.5 times the estimate for material costs 
at the SPS for 1980. Staff for operating LEP and its injector are assumed to be about 450. 
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With these assumptions, the annual operating cost for the LEP machine would be about 

101 of its construction cost, or in the neighbourhood of 200 MSF per year. This figure 

does not include costs for the necessary technical and administrative services nor costs 

for the experimental physics programme. 

9. SCALING OF MACHINE PARAMETERS AND COST 

Figures from the cost estimates given in Section 8 were used to obtain new unit prices 

for the cost optimization described in Section 1.2. They lead to a new set of parameters. 

A comparison between the old and the new parameters is shown in Table 9.1. 

Table 9.1 

Unit prices, main parameters, cost 

LEP Optimized LEP 

kï (kSF/m) 

k 2 (SF/W) 

k 3 (kSF/m) 

k„ (SF/MWh) 

k 5 (SF/MWh) 

k 6 (MSF) 

£ 

Z (Mfi/m) 

Hours/year 

Years 

P (km) 

L c (km) 

P b (Mtf) 

P d 0*0 

36.2 

2.3 

126 

55 

53 

480 

0.65 

20 

3000 

10 

6.1 

2.5 

44 

60 

36.2 

2.3 

126 

55 

53 

480 

0.65 

20 

3000 

10 

5.0 

3.2 

49 

63 

Injector (MSF) 

Main Ring (MSF) 

Experimental areas (MSF) 

Initial total cost (MSF) 

Annual operating 
cost (MSF) 

140 

2100 

180 

2420 

200 

140 

1960 

180 

2280 

200 

From the expressions given in Section 1.2 and the unit prices shown in Table 9.1, 

estimates can be made of the changes in parameters and cost when the design luminosity and 

energy take different values. 

A reduction in the design luminosity has a rather small effect, while an increase has 

a larger effect as shown in Table 9.2. 
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Table 9.2 
Variation of machine parameters 

with luminosity 

L 
(cm - 2 s e c - 1 ) 

P 
(km) 

L 
(km) 

Cost 
(MSF) 

0.3 x 1 0 " 
1.0 x 1 0 " 
3.0 x 1 0 " 

4.47 
4.98 
6.21 

3.61 
3.24 
2.60 

2152 
2280 
2607 

This table must be interpreted with some caution since it is obtained by assuming that 
the unit prices remain the same when the luminosity is changed. The beam loading mentioned 
in Section 1.3 implies that an increase in luminosity is most probably accompanied by an 
increase in the number of bunches and in the number of beam-separating stations. This soon 
leads to the requirement that the two beams be separated almost everywhere. This is more 
easily achieved by storing them in two separate magnet rings, still using a common RF sys
tem. However, a two-ring machine is certainly more expensive than a single-ring machine. 

The change of the machine parameters and cost with the maximum energy is shown in 
Fig. 9.1 with the cost obtained from the unit prices shown in Table 9.1. In particular, 
the fixed cost of 480 MSF has been kept constant, whereas this cost would have some varia
tion for sizeable reductions in energy. Different assumptions on the equivalent annual 
operating time result in different values tor the machine parameters and cost ' . 

Cost (MSF) 

2000 

1000 

90 100 
E(GéV) 

Fig. 9.1 Variation of bending radius p (in km), average 
radius R (in km), and construction cost with 
maximum energy E (in GeV) 
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In order to calculate the average radius R of the machines, several assumptions are 
made. 

i) The ratio between bending radius p and average radius in the arcs is the same as in 
LEP, 0.864. 

ii) The ratio between the active length of the RF cavities and the actual length occupied 
by them is also the same as in LEP, 0.72. This ratio depends on how well the quan
tized length of the RF cavities matches the free space between the quadrupoles, but 
for an RF system with five-cell cavities it can never exceed 5/6. 

iii) A length of 100 m on either side of the crossing points is attributed to the intersec
tion regions, i.e. it belongs neither to the RF system nor to the arcs. If there are 
8 intersection regions, their total contribution to the circumference is 1.6 km. 

The experience gained during the LEP Study will be incorporated in the design, which 
is being started now, of a smaller machine with a maximum design energy of 70 GeV. Because 
of its smaller size, this machine will be less sensitive to closed-orbit errors than is LEP. 
The new study will also result in a more accurate cost figure at 70 GeV than that obtained 
by simple scaling. The two studies combined should yield, by interpolation, fairly accurate 
ideas of how to build such machines and of their cost in the energy range from 70 to 100 GeV. 
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APPENDIX 

LEP PARAMETER LIST 

OVER-ALL MACHINE PARAMETERS AT MAXIMUM ENERGY 
Maximum energy per beam E (GeV) 100 
Luminosity L (cm - 2 sec"1) 1.117 x 1 0 3 2 

Number of intersections N 8 
Number of bunches k, 32 
Machine circumference C (km) 51.460 
Average machine radius C/2ir (km) 8.190 
Betatron wave number Q 106.24 
Momentum compaction factor a 1.09 x 10" ** 
Circulating current/beam I (mA) 15.34 
Number of particles/beam N 1.643 x 1 0 1 3 

Transverse damping time x (msec) 23.9 
Uncorrected chromaticities E -248.1 

V -307.5 
Energy variation of damping partition number dJ/(dp/p) -520 

INTERSECTION REGION PARAMETERS 
Horizontal amplitude function g * (m) 0.625 
Vertical amplitude function 3 * (m) 0.1 
Dispersion n 0 
Horizontal r.m.s. beam radius a * (vim) 93.58 
Vertical r.m.s. beam radius a * (ym) 37.43 
Natural r.m.s. energy spread a 1.09 x 10" 
Natural r.m.s. bunch length at I = 0 a (mm) 11.2 

zo 
Actual r.m.s. bunch length at nominal current a (mm) 25 
Coupling K 1.0 
Maximum beam-beam tune shift AO 0.06 
Crossing angle x 0 
Beam-beam bremsstrahlung lifetime x,, (h) 13.88 
Quantum lifetime x (h) 10 
Polarization time x , (h) 0.848 
Free space around crossing points l- . (m) ±10 
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CELL PARAMETERS 

Cell layout QF-B-QD-B 
Length of cell L (m) 81 
Length of bending magnets (B) L- (m) 35 
Length of quadrupoles (QF,QD) L Q (m) 2.5 
Bending field Bĵ  (T) 0.05437 
Bending angle per period 9 (mrad) 11.409 

IT 

Bending radius p (km) 6.135 
Horizontal phase advance y (°) 59.2 
Vertical phase advance y (°) 
QF gradient: dB/dx (T/m) 

55.5 Vertical phase advance y (°) 
QF gradient: dB/dx (T/m) -3.28 

: K F (m"2) -9.8203 x 10"3 

QD gradient: dB/dx (T/m) 3.18 
: Kp (m"2) 9.5474 : < 10"3 

Average radius of normal cells R (km) 7.100 

3x By n 
Orbit parameters in F-quadrupoles (m) 138.16 52.05 1.149 
Orbit parameters in D-quadrupoles (m) 49.37 143.32 0.712 
Horizontal r.m.s. beam radius in F quadrupoles ; ax (mm) 2.346 
Vertical r.m.s. beam radius in D quadrupoles a (mm) 1.417 
Horizontal aperture A (mm) 

a (mm) 
±67 

Vertical aperture A (mm) ±39 

Synchrotron energy loss/turn U 0 

Synchrotron power (2 beams) P, 
Frequency fjvp (MHz) 
Peak RF voltage/turn V p p (GV) 

RF SYSTEM PARAMETERS 
(GeV) 
(MV) 

RF 
RF bucket height a. 
Stable phase angle cj> (°) 
Number of synchrotron oscillations/turn Q 
Shunt impedance Z (Mfi/m) 
Length of active RF structure L (km) 
Fundamental mode RF structure dissipation P, (MV) 
Total RF generator power P (MW) 
Higher-mode energy loss/turn U (MeV) 
Power loss to higher modes/beam P. (MV) 

1.44 
44.2 
350 
1.72 
6.655 x 10"3 

115 
0.08696 
20 
2.469 
59.7 
109.1 
120 
1.8 

DIP0LE PARAMETERS 

Number required N, 
Effective length L (m) 
Conductor inscribed radius 
Steel inscribed radius R (m) 

rin (m) 

1104 
35 
0.107 
0.195 
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Peak field B (T) 
Peak current I (A) 
Conductor cross-section A (cm2) 
Power dissipation/magnet W, (kW) 

0.05437 
16874 
298 
23.2 

QUADRUPOLE PARAMETERS 

Number required N 
Inscribed aperture radius 
Peak gradient G (T/m) 
Effective length £ (m) 
Ampere-turns/pole NI (A) 
Excitation turns/pole 
Conductor area A, Cu 

00 
(cm2) 

(m) 

Power dissipation/magnet W (kW) 
Total surface area A (m2) 
Maximum temperature rise AT (°C) 

1104 
0.113 
3.322 
2.48 
16874 
1 
430 
2.52 
16 
16 

SEXTUP0LE PARAMETERS 

Circuit Number „.«.,.J[ ",, n '* 
strength length 

D 
D 
D 
F 
F 
F 

160 
192 
144 
176 
160 
192 

(T/m) 

68.8 
48.7 
7.1 
29.8 
23.0 
11.7 

(m) 

1.00 
0.94 
1.03 
1.00 
1.01 
0.95 

B" 

(T/m2) 

68.8 
51.8 
6.9 
29.8 
22.8 
12.3 

Amp.-turns Turns per 
per pole 
(xlOOO) 
23.5 
17.7 
2.35 
10.2 
7.8 
4.2 

pole 

20 
15 
2 
17 
13 
7 

Inscribed aperture radius (m) 
Peak excitation current (A) 
Conductor area (mm2) 
Total excitation turns 
Total voltage*-* (kV) 

D-circuit 

0.137 
1175 
18 x 18 
8 x 2388 
2.67 
3.2 

F-circuit 

0.137 
600 
18 x 18 
8 x 2406 
1.37 
0.8 Peak dissipation (MW) 

*) This does not include the voltage drop in the cables and connections. 

Peak current I (kA) 
Total dipole voltage V, 

POWER SUPPLY PARAMETERS 

(kV) 
Total quadrupole voltage V (kV) 

17 
1.52 
0.17 
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Bus-bars and connections V (kV) 0.11 
Total ring voltage V (kV) 1.8 
Peak power W (W) 32.3 

PARAMETERS FOR INJECTOR SYNCHROTRON LATTICE 
Repetition frequency (Hz) 50 
Peak energy (GeV) 20 
Mean radius (m) 273.72 
Dipole bending radius (m) 160.1S 
Number of superperiods 4 
Horizontal and vertical tune 27.25 
Value of gamma at transition 22.75 
RF harmonic number 2048 
RF frequency (MHz) 357.0 
RF phase angle at 20 GeV (°) 50 
RF voltage at 20 GeV (MV) 116 
Synchrotron oscillation wave number 0.048 
Total RF structure length (m) 152 
Transit-time corrected shunt impedance (Mn/m) 19 
Peak RF structure power (MW) 4.66 
Revolution time (ysec) 5.74 
Horizontal betatron emittance at 20 GeV (2 a) (mm mrad) 0.3 
Momentum spread at 20 GeV (2 a) (%) 0.26 
Injection energy (MeV) 380 

PARAMETERS OF POSITRON ACCUMULATION RING 
Energy (MeV) 650 
Mean radius (m) 14.434 
Bending field (T) 1.4 
Number of superperiods 12 
Horizontal and vertical tune 4.75 
Momentum compaction factor 0.0064 
RF harmonic number 108 
RF frequency (MHz) 357.0 
Synchrotron radiation loss per turn (keV) 10.2 
Peak RF voltage (kV) 365 
Revolution time (nsec) 302.5 
Synchrotron oscillation wave number 0.025 
Horizontal betatron emittance (2a) (mm mrad) 0.5 
Momentum spread (2 o) (I) 0.09 
Horizontal radiation damping time (msec) 38.6 
Average stored current (mA) 25.3 


