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ABSTRACT 

This feasibility study deals with proton-proton and proton-
antiproton colliders with centre-of-mass energies from 10 to 18 TeV, 
which could be installed in the tunnel after the completion of LEP. 
Since the main purpose of the study is to determine the influence of 
limitations in space and technology, most of the work has been devoted 
to the proton-proton option at the higher energy which, while being the 
most 3demanding^ holds the promise of best performance (luminosity up to 
- 10 cm" s~ ) and greatest reliability. It turns out that the space 
in the tunnel above LEP will be quite adequate. Proton-antiproton 
operation would also be possible in such a machine at lower luminosity. 
Of course the tunnel could also house a single-channel proton-anti-
proton collider, operating up to the highest energy but at a lower 
luminosity. 

1. REVIEW OF POSSIBLE OPTIONS 
A wide range of possibilities exists for a Hadron Collider in the LEP tunnel, as shown 

in Fig. 1. The conceptually simplest option is a pp ring with a single beam channel, 
which can either be built with superconducting magnets of present technology or with 
high-field magnets after a fair amount of research and development effort. The luminosity 
is relatively low because antiproton sources are not very intense. In order to make 
provision for bunch separation at unwanted beam crossings, the aperture must be somewhat 
enlarged with respect to a single-beam machine. 

Using two beam channels gives a more versatile collider. The rings can have either a 
common magnetic circuit, which couples both rings magnetically, or two independent 
circuits. For space reasons, the two beam channels will always be in one cryostat. The 
most interesting option is the one where the two beam channels are side by side, allowing 
for high-luminosity pp collisions with many bunches. Depending on the desired field level, 
the two apertures may be part of a common magnetic circuit or of separate circuits. 

In the first case (common magnetic circuit) there is enough space in the LEP tunnel to 
install high-field magnets. At high-field level, the field must necessarily be equal and 
opposite in the two apertures, as required for pp operation. This precludes pp with the 
beams in two separate channels. At considerably lower field level, the magnets can be 
excited so that the field is the same in both apertures and pp operation in two channels 
becomes possible. Of course it would be feasible to put both the proton and the antiproton 
beam in one of the apertures, and either work with a low number of bunches at low lumi
nosity without separation or install separators. 

In the second case (independent magnetic circuits), pp and pp operation are equally 
possible at nominal field but, for space reasons, only moderate fields [» 5 I] can be 
obtained. 
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Having the two coupled channels on top of each other allows for a pp machine which 
can have as many bunches as required without being beset with the problem of bunch 
separation as would be the one-channel pp option. However, since this configuration does 
not provide a pp option, it is not considered any further. 

These arguments favour very clearly the side-by-side, two-channel pp collider with one 
magnetic circuit; it holds the promise of top pp performance while leaving the door open 
for pp physics. The machine study has been focused on this option because it also 
appears as the more demanding one from the technological point of view. 

The other option which has received some attention is the one-channel, high-field pp 
collider. These two options represent, in a certain sense, two extremes, and therefore 
provide a good coverage of the total range of possibilities. 

Before turning to the machine performance of these two options, we will first consider 
the detector performance. Figure 2 shows a graph of the luminosity L versus the time 
elapsing between two bunch collisions in the detector. Also drawn are lines of constant 
L-T x; along these lines the number of events <n> per bunch collision is constant for a 
given pp total cross-section I. Since it is very difficult to handle more than one event 

25 -2 
per bunch collision, the line 1 x 10 cm therefore becomes an upper limit of the working 
region for a total cross-section of 100 mb. The maximum possible trigger rate of the 
detector puts a lower limit on T x , providing a boundary on the left. One of the results of 
this Workshop is that values for T as low as 25 ns are conceivable without this being a 

32 
too hard limit. Thus it can be seen that a luminosity of about 4 x 10 can be obtained if 
the operating point of the machine is put at the top left corner of the region allowed for 
by the detector performance. For experiments which can accept a higher <n>, luminosities 

33 - 2 -1 
up to < 1.5 x 10 cm s could possibly be reached. 

From the machine point of view, this high luminosity operation is indeed feasible with 
the pp option. The number of bunches k is between 3000 and 4000. In order to make the 
bunch-to-bunch distance a multiple of the RF wavelength in the LHC and in the SPS, only 
discrete values of k are permitted. The value of 3564 fulfils this requirement and was 
chosen as the nominal value. The graph also indicates the total number of particles, which 
does not appear to be excessive since it corresponds to only a few SPS pulses at the 
present performance level. The stored energy in the beam remains acceptable in the range 
under consideration; it reaches 70 MJ at N = 5 x 1 0 1 3 . The beam-beam effect, imposing a 
limit on the number of particles per bunch, is of little concern because it cannot become 
very strong as long as the constraint of one event per collision is respected. The bunch 
intensity also seems low enough so that beam instabilities are avoided or can be dealt with 
by feedback systems. 

If detectors with a higher trigger rate were developed, the operating point could move 
2 5 - 2 3 3 - 2 - 1 

upwards along the line L-T x = 10 cm and eventually approach L = 10 cm s for 
T x = 10 ns. However, this implies an increase in the total number of particles N, which in 
turn means more stored energy in the beam. The increased number of bunches makes the beam 
also more prone to coupled-bunch instabilities. For this reason it is preferred to keep the 
nominal number of bunches at 3564, in agreement with the currently estimated detector 
performance, and to work out a consistent set of parameters on this basis, although it is 
not unreasonable to expect the eventual operating point somewhere in the upper part of the 
shaded area of Fig. 2. 



- 53 -

In the pp option the luminosity is limited by the p accumulation rate, which 
determines the total number of particles N- accumulated in a time comparable to the 
luminosity decay time in the LHC. As explained in Section 3, we may expect = 10 with 
the new antiproton source under construction at CERN. This imposes an upper limit on the 
luminosity around 1.5 x 1031 cm'2 s"1 . In order to minimize the number of unwanted bunch 
crossings in the one-channel machine, this limited number of antiprotons is distributed over 
the minimum number of bunches compatible with the requirement of one event per bunch 

1 2 
collision. This leads to the working point shown in Fig. 2 for N^ = 10 and, taking into 
account the constraints by the RF system, to 108 bunches in the machine, corresponding to 
T = 825 ns. x 

If a ten times more intense antiproton source became available, the luminosity could 
3 2 

be increased in principle to a level of about 1.5 x 10 . However, as can be inferred from 
Fig. 2, this would lead either to an elaborate system for bunch separation at about 2000 
unwanted crossing points, which becomes especially tricky near the interaction points, or 
to many events per bunch collision in the detector, which is hardly acceptable. Obviously, 
a wide range of combinations between these two extremes exists, but all of them are beset 
with the problems of beam separation and of multiple events per bunch collision. Thus it 
seems to be difficult to exploit a more powerful source for peak luminosity. It should be 
noted, however, that the luminosity averaged over a run can be much improved by a better 
source because the machine filling can be more frequent. More details are given in 
Section 3. 

2. THE pp OPTION 
2.1 General description 

Figure 3 shows schematically the ring layout with the eight interaction points. The 
two beam channels are separated horizontally by < 180 mm. This small distance implies a 
two-in-one design of the magnets with two beam apertures and two coil packages in the same 
magnetic circuit and cryostat. Two vacuum chamber radii are under consideration, 15 and 
20 mm, which are believed to be at the two extremes of likely values. Figure 4 gives a 
cross-section of the LEP tunnel with the dipole of the LHC above the LEP magnets. It is 
apparent that the space available for the Hadron Collider is adequate. 

The insertions are designed in such a way that the beams cross with a small angle of 
96 yrad at the interaction points. Detectors can be placed over at least six intersection 
points. Two long straight sections are reserved for the dumping of the beams, although it 
might eventually be possible to put both dump systems into one straight section. 

The assumption of installing it in the LEP tunnel determines: the circumference, which 
should be equal to that of LEP (26,658 m) within a very small margin; the number and length 
of the straight insertions, eight insertions of about 490 m length; and the average radius 
of the arcs, R = 3494 m. Because of the fixed radius, the maximum energy in each beam 
becomes a function of the magnetic field in the dipoles and of the layout of the LHC 
periods. The study is based on a dipole field B = 10 T. Some considerations on a smaller 
field are included in subsection 2.3. 

The two proton beams are assumed to be bunched. Collisions between the bunches occur 
only in the interaction regions. This is achieved by the small crossing angle between the 
two beams. Bunched beams are preferred to coasting beams because they hold the promise of 
a higher luminosity for a given circulating current, and also because the energy loss due 
to synchrotron radiation is automatically compensated by the RF system. 



- 54 -

From the users' point of view, the most important parameters are the luminosity L, the 
bunch spacing T , and the average number of events per bunch crossing <n> related by 

<n> = L-T • I, x 
where Z is the total proton-proton cross-section. At this Workshop a consensus was 
reached that, in the most general case, <n> should not exceed unity. For a cross-section 
of 100 mb, this means that the product L-T x should not exceed a value of 1 0 2 5 cm" 2. Given 
this constraint, the largest luminosity is obviously achieved with the smallest possible 
T x that can be obtained by the machine and is still acceptable by the detector. The bunch 
spacing in time T x cannot be varied continuously because it must be a multiple of the RF 
wavelength in the LHC and in the SPS. However, the step-size is sufficiently small (5 ns) 
in the range between 5 and 35 ns, so that the machine can produce the smallest bunch 
spacing that the detector trigger can cope with. Since it seems that the detectors can 
handle bunch spacings as low as 25 ns, this spacing was provisionally adopted as the 
nominal value in order to have a basis for one consistent set of parameters. However, it 
should be noted that each of the possible bunch spacings needs a special small RF system in 
the PS. Thus the bunch spacing cannot be changed at a moment's notice. 

It can be seen from Fig. 2, which gives a synopsis of all these limits based on the 
3 2 - 2 - 1 

parameters given before, that the maximum luminosity is 4 x 10 cm s for T x = 25 ns 
and <n> = 1. Although the machine operation would become more difficult, it is not 

3 3 - 2 - 1 

inconceivable that the luminosity could eventually approach or even exceed 10 cm s 
provided a smaller T x or a larger <n> is acceptable for the detector. This is indicated by 
the shaded area around the nominal working point in Fig. 2. 

In order to simplify the presentation, the beam emittances and the amplitude functions 
ß* at the interaction points are assumed to be equal in the horizontal and vertical 
planes. The normalized beam emittance is assumed to be the smallest one that can be 

2 

obtained from the injector chain, namely e = 4inro /ß = 5n vm. A larger emittance would 
increase the required number of particles and the stored energy in the beam, which is 
undesirable. Not much benefit could be drawn from the concurrent reduction of the beam-beam 
tune shift. Even with the small emittance the tune shift is only 1.3 x 10~ 3, which is well 
below the maximum tolerable value of 0.0025 derived from our pp Collider experience. 
This margin is also apparent from Fig. 2, where the beam-beam limit is indicated. The 

* . . . amplitude function ß at the interaction points is set to 1 m. Table 1 gives the main 
performance parameters. Two sets of performance figures are given, both for 79 m lattice 
period length: the first set respects the <n> = 1 criterion, the second set corresponds to 
the beam-beam limit. The performance figures for the 158 m lattice period length are 
nearly identical. A detailed parameter list is given in the Appendix. 
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Table 1 
General parameters and performance 

a) General parameters 

Collider type in LEP Proton-proton 

Separation between orbits (mm) 165- 180 

Number of bunches 3564 

Bunch spacing (ns) 25 

Number of crossing points 8 

ß value at crossing point (m) 1 
2 

Normalized emittance i n y a /ß (pm) 5 IT 

Full bunch length (m) 0 31 

Full crossing angle turad) 96 

Lattice period length (m) 79 158 

Lattice phase advance ir/3 Tf/2 

Dipole magnetic field (T) 10 10 

Operating beam energy (TeV) 8.14 8.99 

b) Performance 

<n> at [ = 100 mb 1 4 
Luminosity (cm" 2 s" 1) 4 x 1 0 3 2 1.5 x 1 0 3 3 

Number of particles per bunch 1.34 x 1 0 1 0 2.56 x 1 0 1 0 

Circulating current (mA) 86 164 
Beam-beam tune shift 0.0013 0.0025 
Beam stored energy (MJ) 63 119 

* 
r.m.s. beam radius (pm) 

12 12 
* * 

Beam lifetime (h) 
42 22 

* * 
At interaction point for ß = 1 m 

* * 
Particle loss due to beam-beam collisions 

2.2 Parameters and performance 
2.2.1 Choice of parameters 
i) Experience with the CERN pp Collider 

The only hadron colliders that have been operated up to now are the Intersecting 
Storage Rings (ISR) and the pp Collider at CERN. The experience with the ISR is of 
limited use to the LHC design, since there there were two continuous beams crossing at a 
large angle, and since the beam-beam tune shift per crossing was of the order of 5 x 10~* 
in a normal physics run. On the other hand, the pp Collider uses tightly bunched beams 
colliding head-on. To get a useful luminosity the beam-beam tune shift Ç must be pushed to 
the highest possible value. Experience gained with this machine is therefore very relevant 
to the LHC design. 
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Systematic studies have shown that for beam-beam tune shift parameters E = 0.003, 
betatron resonances of order 12 or less produce a significant diffusion of large-amplitude 
particles in the tails of the beam distribution. This leads to losses which decrease the 
useful beam lifetime and create background in the interaction regions. The diffusion rate 
is enhanced by tune modulations due to synchrotron oscillations and power supply ripple. 
An inspection of the tune diagram shows that resonances of order 12 or less can only be 
avoided if the tune spread in the beam AQ is smaller than about 0.02. For n x interaction 
regions the total tune shift experienced by low-amplitude particles is 

AQ = n x E . 

Large-amplitude particles suffer almost no tune shift. Hence, for n x = 8 the maximum 

permissible beam-beam tune shift becomes Ç = 0.02/8 = 0.0025. 

ii) Relations between the parameters 

Apart from the beam energy, the most important parameter from the users' point of 

view is the luminosity L, given by 

L = N^fk/(4ïïo 2). 

Here N b is the number of particles per bunch, f is the revolution frequency, k is the 
number of bunches in each beam, and a is the r.m.s. beam radius at the crossing points. 
The normalized emittance e has a well-defined lower limit of the order of a few units in 
H pm, given by the injector chain. If it is defined by 

2 
e = 4WYO /ß, 

the important beam-beam tune shift parameter E becomes simply 

i = v p / e . 
Here •» is the usual relativistic factor and r p is the classical proton radius. 
Combining these equations, the luminosity becomes 

L = N bfktE/(r pp). 

An upper limit for the time between LHC fills is determined by the beam half-life T.. 
bb 

against beam-beam collisions, given by 

Tbb = V / ( £ ï " D x ) -

Here I is the total proton-proton cross-section. With the parameters to be discussed later, 
T b b of the order of tens of hours. Apart from the beam-beam collisions, other 

effects, e.g. intra-beam scattering, RF noise, and beam-beam resonances, contribute to the 
beam decay. Hence, the duration of a physics run should be less than the geometric mean 3 of 
filling and acceleration time, and t ^ . 

The number of events <n> in a single beam-beam collision and the bunch spacing in time 
units T are of considerable interest for the experiments at the LHC. They are related by 



- 57 -
the following equation which shows that it is impossible to impose conditions simul
taneously on L, <n> and T x : 

<n> = L E T x = LE/(kf). 

This relation is shown in Fig. 5. 
The preceding equations imply the following emittance e: 

e = <n>r pp/(-ïE 2H . 

An upper limit on the stored energy in the beam U might arise from the increasing 
difficulties of dumping the beams, whilst an upper limit on the synchrotron radiation power 
P g might arise from the heat load on the cryogenic system. These quantities are given by 
the following expressions: 

U = N bEk, 

P = 4ïïer BN.cfkV/3. s p b ' 

Here, E is the beam energy, c is the velocity of light and B the magnetic field in the 
dipoles. 

iii) Suggested parameters 
Our nominal parameter set is based on two assumptions, which were discussed at length 

with the experimenters: the number of events in a collision is <n> = 1, and the bunch 
3 2 - 2 -1 

spacing is T x = 25 ns. The luminosity is then fixed at L = 4 x 10 cm s from the 
equation above. The number of bunches, k = 3564, is one of the magic numbers permitted by 
the ratio of the LHC, SPS, and PS circumferences, (297/7) : 11:1 (see subsection 2.7.1). The 
total beam current results in acceptable values for the stored energy in one beam, 
U = 63 MJ, and for the synchrotron radiation power from both beams, P g= 2.2 kW. The 
beam-beam tune shift is below the beam-beam limit, because the small emittance required to 
reach the beam-beam limit is not possible with our injectors. 

If one or other of the conditions mentioned above is relaxed, the luminosity in the 
LHC could be increased. Reducing the bunch spacing to T x = 15 ns, but keeping <n> = 1, the 
bunch number could be increased from 3564 to 5940, another magic number. The luminosity, 
the stored energy and the synchrotron radiation power would be increased to 

3 2 - 2 -1 

L = 6.7 x 10 cm s , Ü = 104 MJ, and P g = 3.6 kW, respectively. Alternatively, one 
could keep the bunch spacing at its nominal value, T x = 25 ns, and increase the bunch 
intensity until the beam-beam limit E = 0.0025 is reached. This would increase the bunch 
intensity, the luminosity, the stored energy, the synchrotron radiation power, and the 

10 33 - 2 - 1 

number of events per collision to = 2.6 x 10 , L = 1.5 x 10 cm s , U = 119 MJ, 
P g = 4.1 kW, and <n> = 4, respectively. Simultaneously reducing the bunch spacing and 
increasing the bunch intensity from their nominal values would lead to difficulties with 
the high total beam intensities. 

All the numbers quoted refer to the 79 m lattice period length; they only change 
slightly if the longer lattice period is considered. 
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2 . 2 . 2 Lattice 
The lattice consists of modules similar to the LEP lattice*, each having a specific 

function: 

- In the insertions, the separation between the two rings is gradually reduced to zero. 
The two beams are brought into collision at the interaction points. The latter are 
surrounded by low-ß insertions which minimize the beam cross-section and hence maximize 
the luminosity. The dispersion and its derivative vanish at the interaction points. 

- The dispersion suppressors match the dispersion and the betatron functions between their 
values at the end of the insertions to the values in the regular cells of the arcs. 

- The arcs contain regular lattice cells. 
The lattice work was concentrated on the insertions and the arcs. The properties of 

the insertions are particularly relevant to the design of experiments to be installed 
there, and to the performance estimates. The arcs occupy most of the LHC circumference, and 
hence present a large fraction of the total cost. Their parameters may also determine to 
what extent collective effects present another performance limitation. Contrary to this, 
the dispersion suppressors do not have a strong influence on the LHC cost and performance, 
nor do they appear to present novel design problems for which solutions are not yet known 
from previous machines. However, the geometrical constraints imposed by the LEP tunnel may 
severely restrict the freedom of choice in designing the dispersion suppressors and result 
in a lower maximum energy than given by the regular lattice cells. 

In keeping with this approach of studying only the most important LHC lattice 
modules, no complete LHC lattice was developed. This excludes a certain number of studies 
which would normally be part of a feasibility study, if there had been more time. 
Similarly, we do not ask the question, How many pp interaction regions should be foreseen? 
The lattice modules considered can be assembled in such a way that up to eight interaction 
regions, the maximum permitted by the LHC geometry, could be installed. However, one or two 
of the insertions must be reserved for beam-dumping systems, thus reducing the number of 
insertions available for experiments. The optical design of the beam-dumping insertions has 
not been attempted. 

i) Arcs 
The LEP arcs and their support and supply systems are built in modules. Their 

lengths correspond to half a cell, i.e. 3 9 . 5 m. In the absence of any compelling reason to 
do otherwise, we have limited the choice of LHC cell lengths to 7 9 and 1 5 8 m. At the 
beginning, we considered phase advances of 4 5 " , 6 0 ' , and 9 0 " . This would have covered a 
range of betatron wavelengths from 3 1 6 to 1 2 6 4 m. Dropping the extremes with too little and 
too much focusing, and noting that periods with Lp = 7 9 m and p = 4 5 * and with Lp = 1 5 8 m 
and p = 9 0 " have the same betatron wavelength, we are left with two lattices, having 
L = 7 9 m and M = 60", and L = 1 5 8 m and p = 9 0 " , respectively. 
P P 

The layout of the lattice periods is given in terms of effective magnetic fields. 
It was influenced by the following considerations: 
- The space of length 1 m between two dipoles is sufficient for all equipment to be 

installed between cryostats and includes the difference between the lengths of the 
dipole cryostat and the effective dipole field. 

- The space of length 2 m between the dipoles and quadrupoles is sufficient for all 
equipment between the dipole and quadrupole cryostats, and includes the difference 
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between the length of the cryostats and the effective magnetic fields. On one side of 
the quadrupole a superconducting sextupole of adequate strength for correcting the 
chromaticity of the arcs and the insertions is included. On the other side, a closed-
orbit correction dipole is installed with appropriate strength to correct the 
anticipated dipole field, dipole tilt, and quadrupole alignment errors. Since the 
quadrupole focuses in opposite directions in the two rings, each pair of side-by-side 
correction dipoles must correct the horizontal orbit in one ring and the vertical one in 
the other ring, and vice versa. 

- The gradient of the quadrupoles is kept at its maximum permissible value, 250 T/m, which 
is assumed independent of the aperture. The focusing strength required is obtained once 
and for all by adjusting the quadrupole length. The LHC is operated with the dipoles and 
quadrupoles powered in series. Hence all tune adjustments will have to be done in the 
insertions. 

- All the space in the lattice periods not occupied by any of the above is equally 
distributed between the dipoles so that their length is approximately 11 m. The dipole 
field is assumed to be 10 T. The maximum operating energy then follows. It is higher the 
larger the fraction of a period length occupied by bending magnets. 

The most important parameters are given in Table 1 and in the appended parameter list. 
The schematic layout and the optical functions are also shown in Figs. 6 and 7. 

ii) Insertions 
Among the possible arrangements for the low-ß insertions 5 we have adopted the one 

in which the strong-focusing quadrupole triplet is closest to the interaction point. It is 
followed by the dipoles for the separation of the two counter-rotating proton beams. This 
arrangement has the advantage that the quadrupoles have the smallest possible distance from 
the interaction point. It therefore holds the promise of a smaller value of the amplitude 
function ß at the crossing point, and hence of a higher luminosity for a given circulating 
current. This arrangement has two disadvantages: the focusing direction for the two rings 
is imposed, and it is opposite for quadrupoles installed side by side. The beam-beam 
collisions occur at a small angle such that the two beams are well separated where the 
first unwanted bunch-bunch collision occurs. For bunch spacings significantly larger than 
T x = 25 ns, head-on collisions become possible as soon as the first unwanted bunch-bunch 
collision occurs in a place where the two beams are at a sufficient transverse separation. 
This spacing can be minimized by installing the quadrupoles with a horizontal displacement 6 

so that their fields contribute to the beam separation. A third possibility is to use a 
horizontally deflecting field in the detector to help with the separation, thus combining 
head-on collisions and a rather small bunch spacing. The insertion design adopted includes 
all three possibilities, by making the necessary small adjustments in the aligment of the 
strong-focusing quadrupole triplet and in the excitation of the separating magnets. Since 
the difference in performance between these schemes is rather small, we shall ignore these 
differences and base the remainder of the insertion discussion on head-on collisions. 

In order to have definite constraints for the matching of the insertions, the 
following conditions were imposed: 

- The total length of the insertion must be equal to the length of the straight section in 
LEP, namely 490 m. 
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- At the end of the insertion the betatron functions ought to be identical to those at the 
entrance face of a standard lattice period. This condition could be modified once the 
dispersion suppressors are better known. 

- The quadrupole gradients are 250 T/m, the standard value in the lattice periods. 
Matching is achieved by varying the length of four quadrupoles. The fourth quadrupole is 
at the end of the insertion and could be part of a dispersion suppressor quadrupole. 

- It ought to be possible to increase the p-values at the crossing points by at least a 
factor of about 3, in order to overcome aperture restrictions and chromaticity problems 
during injection and energy ramping. 

A table of the most important insertion parameters is given in the parameter list. 
Schematic layouts and the optical functions are also shown in Figs. 8 and 9. 

iii) Symmetry 
Since the insertions are designed for round beams and equal values of the horizontal 

and vertical (ä-functions at the interaction points, the discussion can in principle be 
limited to half an insertion, and no choice of the machine symmetry around a crossing point 
need be made at this stage. However, it may be worth while to recall the consequences of 
some particular choices. If one ring is symmetrical with respect to the interaction points, 
then the focusing direction of all insertions will be the same if the number of half-cells 
between two interaction points is even. Since the focusing direction of the two rings is 
opposite, this implies two different machines, one with F-F insertions, the other with D-D 
insertions. If we want to avoid having two different machines, then we must use an odd 
number of half-cells between interaction points. Conversely, if the focusing in one ring is 
opposite on either side of an interaction point, say F-D, then the two rings can always be 
made identical. The number of superperiods then depends on the number of half-cells between 
interaction points; it is higher when this number is even. In a machine with symmetry 
around the interaction point, the minimum of the p-function coincides with the interaction 
point for all momentum errors by symmetry. In a machine without symmetry this desirable 
feature must be achieved by the design. 

iv) Aperture 
The most trivial requirement for the physical aperture, given by the vacuum chamber, 

and for the dynamic aperture, given by the sextupoles used for correcting the chromaticity 
and the persistent currents, is that the smaller aperture will still be large enough to 
hold the circulating beam at all times. Since the circulating beam is largest at injection, 
the injected beam parameters must be used. Both lattices satisfy this requirement with the 
good field region assumed. 

In addition to the beam size, some allowance must be made for closed-orbit distor
tions. The amplification factors for the closed-orbit distortion 7 due to field errors and 
field tilts in an average dipole, and due to displacements of the two types of lattice 
quadrupoles, are summarized in Table 2 for the two LHC lattices and for LEP for comparison. 
The maximum closed-orbit distortion is obtained by multiplying the relative dipole field 
error or the quadrupole displacement by the corresponding factor in the table. For the LHC 
lattices, the effect of the insertions, which will increase the amplification factors for 
the quadrupoles, is not included. It is clear that enough aperture cannot be provided for 
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closed orbits due to typical field errors AB/B = 0.6 x 10" , tilts A+ = 0.5 mrad, and 

displacements Ax = Az = 0.1 mm. Hence one must accept, as in LEP, that the beams will not 

circulate before some initial closed-orbit correction. Therefore, we only foresee a nominal 

allowance of 3 mm for the closed orbit. 

Table 2 

Closed-orbit amplification factors scaled to sin(ïïQ) = 1//2. 

Elem. L = 
P 

79 m L = 158 m 
P 

LEP 

Horiz. Vert. Horiz. Vert. Horiz. Vert. 

QF 95.8 56.0 87.5 36.4 179 174 

QD 56.0 95.8 36.5 87.4 104 299 

<B> m 17.9 17.9 27.6 27.6 12.5 12.4 

The magnitude of chromatic effects due to the LHC insertions can best be shown by 

a comparison of the chromatic functions u' and W, which is defined as follows, the prime 

denoting differentiation with respect to Ap/p: 

W = ß'/ß + i(<x' - otß'/ß) • 

It may be seen from Table 3 that the chromatic effects in the horizontal and 
vertical planes are rather similar in both LHC insertions, whilst the vertical effects are 
much larger than the horizontal ones in LEP because of the different ratios of the 
ß-functions at the interaction points. Their average values are rather similar in LEP and 
LHC. Hence we expect that the dynamic apertures due to the chromatic effects of the 
insertions will be rather similar in the two machines. Since the dynamic aperture in LEP 
is larger than the physical aperture in any of the LHC lattices, the chromatic effects of 
the LHC insertions present no particular problems. In the LHC periods, the chromatic 
effects are dominated by the effects of the persistent currents in the dipoles. 

The physical aperture of the magnets also determines the inner radius of the coil 
packages in the magnets. The latter influences the field errors, which are larger the 
smaller the coil radius. The field errors arise from two main phenomena: from the 
persistent currents whose effect is most noticeable at low magnetic fields, i.e. at 
injection, and from the position tolerances of the superconducting wires. The numerical 
values of the field errors are based on the data given in subsection 2.3.3 dealing with the 
main dipoles. These data are summarized in Table 15 in subsection 2.3.7. 
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Table 3 

Comparison of chromatic functions 

Machine L p/m IW X U 7 2 T Í IW z M ; / 2 * 

LHC 79 69 9 - 7.934 51 9 - 5.697 

LHC 158 70 1 - 3.980 53 6 - 5.767 

LEP 79 29 6 - 1.107 74 0 -13.005 

The dominant effect of the persistent currents is a large sextupole component in 

the field of the dipoles. In any magnet this component is reproducible from cycle to cycle. 

However, between dipoles there is a random variation. The chromaticity was compensated by 

appropriately exciting the sextupoles next to the quadrupoles in the LHC periods. The 

remaining tune variation with the momentum error is quadratic in Ap/p and the field errors 

B 3/B 1 (see subsection 2.3); it is shown in Fig. 10. In all cases except for the lattice 

with L p = 79 m and 20 mm vacuum chamber radius, the tune spread within a relative momentum 

bite of +0.001, corresponding to about the bucket height at injection, is larger than the 

limit AQ = 0.02 given earlier. In these cases, a lumped correction of the sextupole 

component due to the persistent currents in the dipoles is inadequate, and a local 

correction within the dipoles is necessary. 

The maximum stable betatron amplitude was found by computer tracking for the two 

period lengths and the two vacuum chamber apertures under consideration. The random 

variation of the sextupole component due to the persistent currents was simulated using 

samples of 10 machines. Figure 11 shows the probability P for a particle with initial 

betatron amplitude x 0 at maximum ß in the regular arcs, to circulate for 100 turns without 

hitting the vacuum chamber. It was assumed that the systematic field errors B 3 / B 1 were 

either corrected in the neighbouring sextupoles (full lines), or locally in the dipoles 

themselves (dashed lines). Since the tracking was only done for vanishing momentum errors, 

the results may be optimistic. Comparing the dynamic apertures with the required good field 

regions given in Table 8 (see subsection 2.2.4) shows that the lattice with L p = 79 m has 

about enough aperture in all cases, whilst the lattice with L p = 158 m needs local 

correction of the persistent current effect in the dipoles and the larger aperture. 

The widths of non-linear resonance stopbands are dominated by the position 

tolerances of the superconducting wires. The results are shown in Table 4. For comparison, 

the measured stopband widths in the SPS are AQ ? = 0.016 and AQ 3 = 0 . 0 0 1 , i.e. the 

second-order stopband in the LHC is stronger than in the SPS, whilst the third-order 

stopband is comparable. This may indicate the need for extra second-order stopband 

compensation in the LHC. 

2.2.3 Collective effects 

Most of the intensity-dependent effects of importance in the LHC arise from the 

interaction of the beam with the vacuum chamber surrounding i t 1 0 . Therefore the relevant 

properties of the vacuum chamber must be carefully considered. 
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Table 4 
Width of non-linear resonance stopbands AQ 

Period length (m) 79 79 158 158 

Chamber radius (mm) 15 20 15 20 

Order n : 

2 0 044 0 022 0.078 0.039 

3 1 4 x lo"3 5 6 x lo"4 3.3 x IQ' 3 1.3 x IQ' 3 

5 9 1 X IQ' 7 1 8 x IQ" 7 3.9 x IQ" 6 7.7 x io-7 

Intra-beam scattering imposes a minimum longitudinal emittance of the order of 
2.5 eV-s. This value is sufficient to stabilize the beam against most of the presently 
known collective effects. Betatron tune spread through non-linearities and simple feedback 
systems can be used to suppress the remaining instabilities. 

Beam-induced wall currents will heat the vacuum chamber and, together with the 
synchrotron radiation, contribute to the heat load of the cryogenic system. 

All effects discussed in this subsection are evaluated in the most difficult case of 
the 79 m cell length and a vacuum chamber radius of 15 mm. For the other lattice (158 m 
cells) or a larger chamber radius the beam stability is increased. The number of bunches is 

1 3 
3564 and the total intensity per beam considered is 9.3 x 10 , which corresponds to the 

highest possible beam-beam limited luminosity. 

i) Intra-beam scattering 

This phenomenon produces a growth of both longitudinal and transverse emittances at a 
rate proportional to the six-dimensional phase-space density of the bunches, and contri
butes to the luminosity decay 1 1. Whilst the transverse emittances and bunch intensity are 
fixed by luminosity and beam-beam considerations, the longitudinal emittance can be chosen 
to ensure a sufficiently small growth rate. A value of 2.5 eV-s corresponds to growth times 
in excess of the synchrotron radiation damping time and should therefore be sufficient to 
avoid dilution in storage at high energy. At injection energy the SPS can provide bunches 
with 1 eV-s emittance, and this is amply sufficient to eliminate any problems due to 
intra-beam scattering during injection and ramping. A longitudinal emittance increase by a 
factor of 2.5 is needed during acceleration. 

ii) Properties of the vacuum chamber 

A small diameter vacuum chamber is highly desirable in an LHC in order to minimize the 
cost of the magnet and cryogenic systems. This unfortunately produces a tighter coupling of 
the beam to the surroundings, with two consequences: an increased heating of the cryogenic 
system by the beam-induced wall currents, and potentially more dangerous beam instabi
lities. Care must be taken to reduce the coupling impedance of the vacuum chamber by using 
a pipe of low surface resistance and by avoiding unnecessary cross-section variations. 
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a) Wall resistance 

Table 5 

Resistivity and surface resistance of Cu and Al 

Material 
Resistivity 

at 4 K 
(Q-m) 

Surface resistance 
at 3 kHz, B = 0.45 T 

(10'B Q) 

Surface resistance 
at 500 MHz, B = 10 T 

M O ' 3 Q) 

Cu 

10" 1 1 

10" 1 0 

0.6 

1 

0.9 

1.1 

lu" 9 3.4 1.7 

10" 1 2 0.4 0.85 

Al lo" 1 1 

lu" 1 0 

0.6 

1.8 

1 

1.2 

Stainless steel 5 x 10" 7 77 31 

b) Broad-band coupling impedance 
This is the part of the coupling impedance which is produced by cavity-like objects or 

cross-section variations of the vacuum chamber. In the LHC the contribution of RF cavities 
will be small compared with the rest of the vacuum chamber elements owing to the modest 
acceleration voltage needed. This is in sharp contrast to the situation in LEP. On the 
other hand, the bellows which are necessary to absorb the thermal contraction of the vacuum 

Up to now, stainless steel has been widely used as a vacuum chamber material for 
proton accelerators, but its high resistivity, which is almost temperature-independent, 
makes it unsuitable for an LHC with a high beam current and a small chamber diameter. 
Instead, the very low resistivity of pure copper or aluminium at cryogenic temperatures 
should be exploited. 

The residual resistivity of these metals at 4 K depends strongly on their degree of 
purity. As the achievable degree of purity of a thin metallic film deposited on the inside 
of a long beam pipe is not well known, a wide range of values will be considered. 

The important parameter for wall-current heating and instabilities is the material 
surface resistance, which is to a large extent determined under the LHC operation 
conditions by the magneto-resistance and anomalous skin effect. Table 5 gives the values of 
this parameter at a frequency of 3 kHz, close to the frequency of the lowest order, most 
unstable betatron coupled-bunch mode, and at 500 MHz, a typical value for the standard 
deviation of the bunch frequency spectrum. The first value determines the growth rate of 
the resistive wall instability at injection energy, whilst the second is indicative of heat 
losses due to wall currents induced by the short LHC bunches during storage at high energy. 

Table 5 shows that even for the highest residual resistivity considered (corresponding 
to the lowest purity of the metal deposit), the gain in surface resistance with respect to 
stainless steel is considerable. On the other hand, the surface resistance of very pure 
metals is degraded owing to magneto-resistance (Cu) or anomalous skin effect (Al), and a 
big effort to reach extreme purities would not be justified. 
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chamber could prove more difficult to shield from the beam at 4 K than in present 
room-temperature colliders. Therefore the LHC impedance is evaluated with non-shielded 
bellows as well as with shielded ones. 

Table 6 
Broad-band impedances 

Z/n Z/n 
(Q) (Q) 

Shielded bellows 0.1 Unshielded bellow 0.64 

Cavities 0.06 Cavities 0.06 

Other components 0.3 Other components 0.3 

Total impedance 0.46 Total impedance 1 

The impedance of the bellows and of the RF cavities has been obtained from wake field 
1 2 

calculations using the program TBCI . The numbers given in Table 6 correspond to 40 
accelerating cells and a total length of bellows equal to 1% of the machine circumference. 
An estimate for the contribution of monitor plates, pumping ports, etc. is shown under the 
heading 'Other components'. The classical broad-band Q = 1 resonator model is used to 
describe this part of the coupling impedance. 

iii) Longitudinal instabilities 

Two types of longitudinal instabilities can affect bunched beams in the LHC: the 
microwave instability, which is a fast, high-frequency phenomenon affecting single bunches, 
and the coupled-bunch instability. 

The microwave instability is produced by the high-frequency part of the broad-band 
coupling impedance. A sufficient momentum spread is required for stability. With the LHC 
parameters this is not a limiting phenomenon since coupling impedances 10 times higher than 
foreseen could be tolerated. 

The coupled-bunch instability is a more serious problem. Because of the very large 
number k of bunches in the machine, the number of potentially unstable modes is very high 
and any parasitic resonance in the RF cavities or other objects is likely to drive at least 
one of them. In the pp Collider and in the ISR, active feedback damping is applied to 
each individual bunch. This treatment can also be applied to the LHC, although a more 
sophisticated system is required in this case owing to the smaller interbunch spacing. On 
the other hand, stability can be provided at no cost by Landau damping if the spread of the 
synchrotron frequencies of individual particles in the bunches can be made large, compared 
with the coherent-mode detuning, which is dominated by the low-frequency part of the 
broad-band coupling impedance (the inductive-wall effect). A longitudinal emittance of 
2.5 eV s satisfies this criterion for coupling impedances Z/n < 3.3 Q, well above the 
estimated value for the LHC. 

It could happen that a few coupled-bunch modes grow in spite of Landau damping, for 
instance those excited by high-Q resonances in the RF cavities. In this case, simple 
narrow-band feedback systems can be used. 
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iv) Transverse instabilities 
As in the longitudinal case, there exists a fast, single-bunch instability, often 

called 'mode coupling', induced by the broad-band coupling impedance, and a coupled-bunch 
instability due, here, to the resistive wall effect. 

The transverse coupling impedance Z T is deduced from the longitudinal impedance Z/n 
according to the formula 

where C is the machine circumference and b the inner chamber radius. This emphasizes the 
strong dependence of the transverse impedance upon the vacuum chamber dimension. Numbers 
subsequently given refer to the most dangerous case of b = 0.015 m, the smallest chamber 
radius considered in this study. 

The 'mode-coupling' instability is likely to blow up the bunches when the coherent 
betatron detuning of the m = 0 mode reaches F times the synchrotron tune value. For the 
short bunches of electron machines, both theory and experience point to factors F of the 
order of one. For long proton bunches, theory predicts larger F values, hence increased 
stability, although no experimental confirmation of this fact exists up to now. The pp 
Collider bunches are stable at F = 1, so this value can be taken for a safe although 
probably pessimistic estimate. 

The most difficult conditions happen at injection where the threshold impedance is 
Z/n = 5.4 Q. 

The resistive wall coupling impedance is given by the formula 

C 2 R s f 
Z T = ^ T - — + ^ • 

2ir b 

where R g f is the surface resistance. It is peaked at low frequencies and has to be 
evaluated at the lowest-order mode frequency, which in the LHC is around 3 kHz. Following 

_ g 

Table 6, Ẑ , is evaluated for R g ^ = 1 0 Q. The real part produces a growth rate T and the 
imaginary part a tune shift AQ proportional to the total number N of particles in the beam. 
With u»0 being the angular revolution frequency, 

AQ = — - — = 10"* 
T U ,0 

for N = 9.3 x 1 0 1 3 at injection. 
In addition, the broad-band coupling impedance induces a tune shift proportional to 

_ 3 

the single bunch intensity. For Z/n = 1 Q this tune shift is equal to 10 . Therefore, the 
required spread for Landau damping is determined by the broad-band impedance effect. The 
tune spread necessary for damping is obtained from stability diagrams and amounts to 
AQ = 1.5 x 10" 3 — a very modest value. Note that with a stainless-steel chamber which has 
a 77 times larger surface resistance, the beam would be more difficult to stabilize and the 
growth rates, which are entirely determined by the surface resistance, would be 
uncomfortably large (T = 1.8 m s ) . 
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v) Vacuum chamber heating bv the beam 
The power dissipated by the wall currents in an impedance with a resistive component 

R(n) is 

bunches, n is the frequency normalized to the revolution 

the bunch intensity spectrum. This can be written 

where is the number of particles per bunch, and b is the inner chamber radius. 
The factor F depends on the impedance considered and on the bunch length. It is 

represented in Fig. 12 in the case Of the broad-band impedance, Q = 1 resonator model, and 
a parabolic bunch of length t n g . 

Table 7 shows the power losses from the two counter-rotating beams averaged over the 
machine circumference, and expressed in dissipated power per unit length. The effect of 
the resistive wall has been calculated considering a copper-plated vacuum chamber with a 

- 3 

surface resistance of 10 Q at 500 MHz (see Table 5 ) . The contribution of the bellows has 
been calculated separately using the program TBCI, since the broad-band Q = 1 resonator 
model is not a good representation of the low-frequency part of the resistive coupling 
impedance in this case. 

Table 7 
Power lost by the beams per unit length (W/m) 

Resistive wall 0.014 

Broad-band 0.09 

Bellows 0.026 

Synchrotron radiation 0.25 

Total 0.38 

2.2.4 Discussion of the parameter list 
A choice must be made between two period lengths and between two vacuum chamber 

diameters. The arguments entering into the choice are the maximum energy, the size of the 
RF system, the required good field region of the magnets, the remaining tune spread after 
lumped correction of the sextupole component due to persistent currents, the dynamic 
aperture due to persistent currents and coil position errors in the dipoles, and collective 
phenomena. The required good field radius is defined as the horizontal beam radius plus 

where k is the number of 
frequency uu, and H(n) is 



- 68 -

Table 8 
Comparison of choices 

Period length (m) 79 79 158 158 
Chamber radius (mm) 15 20 15 20 
Energy (TeV) 8.136 8.136 8.993 8.993 
RF voltage (MV) 16 16 28 28 
Tune spread 0.026 0.004 0.676 0.088 
Required good field radius (mm) 8.5 8.5 12 12 
Dynamic aperture due to 
- persistent currents (mm) 9 13 4 11 
- coil position errors (mm) 8 14 7 14 
Collective effects OK OK OK OK 

The only advantage of the lattice with L p = 158 m is its higher maximum energy. 
Since the tune spread is too large and the dynamic aperture too small, the persistent 
current effects must be compensated locally in the dipoles. The dynamic aperture due to the 
coil position errors is marginal, at least at injection energy. If a reduction in the 
maximum energy by about 10% is of no concern, this lattice should be dropped. 

Next, we inspect the tune spread and the dynamic apertures due to the persistent 
currents and coil position errors in the lattice with L p = 79 m and vacuum chamber radii of 
15 and 20 mm. For the smaller chamber radius, the tune spread due to persistent currents is 
only marginally acceptable, and local correction in the dipoles may be necessary. For the 
larger chamber radius the tune spread is quite small. The dynamic apertures due to the 
persistent currents and the coil position errors are similar. They are marginal for the 
smaller vacuum chamber radius and adequate for the larger one, bearing in mind that the 
tracking results may be optimistic. 

The width of non-linear resonances due to coil position errors was compared with 
measured widths in the SPS. The second-order stopband was found to be comparable for a 
vacuum chamber radius of 20 mm, and wider in the LHC than in the SPS for the smaller vacuum 
chamber radius. The third-order stopband is smaller than in the SPS for 20 mm vacuum 
chamber radius, and comparable to that in the SPS for 15 mm chamber radius. 

Our results obtained so far indicate that the LHC design with a lattice period 
length L p = 79 m is feasible. For a vacuum chamber radius of 20 mm, a lumped correction of 
the persistent current effects in the neighbouring sextupoles is marginally possible, 
whilst for the smaller vacuum chamber radius of 15 mm a local correction in the dipoles 
themselves is necessary. 

The entire evaluation of collective phenomena was done for the more difficult 
lattice with L = 79 m and the smaller vacuum chamber radius. It was found that all P 

3 mm allowance for the closed-orbit distortions. The horizontal beam radius r x is given by 

rx = 2[ e- px,max/^ ] 1 / 2 + V Dx,max' 
where A is the relative bucket half-height. The advantages and disadvantages of these e 
choices are shown in Table 8. 
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collective phenomena could be handled in this lattice, with the help of appropriate 
feedback systems where required. 

With the parameters assumed, a crossing angle of 96 umrad is sufficient to ensure a 
separation of 8 standard deviations at the first near-crossing. The long-range beam-beam 
tune shift is only a fraction of the beam-beam parameter E and should pose no problems. 
Because of the short bunch length involved, the loss of luminosity compared with head-on 
collisions is only 4%. 

Additional synchro-betatron beam-beam resonances are excited with a crossing 
angle, and this has posed serious problems in e*e~ machines. However, in the LHC the 
beam-beam tune spread is very small, and as the synchrotron tune is also very small it 
should be possible to avoid synchro-betatron resonances up to very high order. 

2.3 Magnet system 
2.3.1 Introduction 
The design and construction of accelerator magnets with field of, say, up to 6 or 7 T 

can be based on existing superconductors and on technologies already developed in Fermilab 
for the Tevatron and further tested in DESY for HERA, in BNL for CBA, in Serpukhov for UNK, 
and in KEK for TRISTAN. 

The pioneering work done in various other laboratories (LBL-Berkeley, CEA-Saclay, 
KfK-Karlsruhe, NIKHEF-Amsterdam, Rutherford Appleton Lab., CERN, etc.) can also serve as a 
good base for future work. 

Of course, before launching such an important project, several alternative designs 
should be considered with the prime aim of reducing production costs, and their features 
should be tested in an adequate number of prototypes. However, no fundamentally new 
development would be required. 

This is not true for magnets of higher field level up to 10 T. Indeed, the purpose of 
the studies described in this subsection is to make a first assessment of the electro
magnetic, cryogenic, and mechanical problems which would have to be faced in the design and 
construction of LHC magnets with a field as high as 10 T, should a suitable superconductor 
be available in time. 

The development of such a superconductor, which can be industrially produced, is an 
absolutely necessary prerequisite for the final design and construction of such magnets. 
Small quantities of superconductors almost suitable for this application have already been 
made in industry. 

Another important ingredient is the availability of insulation materials and 
techniques suitable for winding the coils according to the 'wind and react1 method. 

Therefore the following should be taken as a first assessment of the situation and as 
a guideline for the indispensable development. 

As already indicated, only 'two-in-one' magnets suitable for a pp Collider are 
considered here. 

2.3.2 General description of magnet system 
i) Layout, types, and number of magnets 
For the purpose of determining the main characteristics of the magnet system, a 

regular lattice closely following the one of LEP has been assumed. It consists of a FODO 
structure with 79 m long periods and 60' phase advance providing 8.1 TeV energy per beam at 



- 70 -

10 T field in the dipoles (see subsection 2.2.2). With respect to the magnets, this 
structure is more demanding (higher gradient in quadrupoles) than the alternative structure 
featuring 158 m long periods and 90' phase advance. 

A typical cell layout is shown in Fig. 13. It consists, for each ring, of a 

quadrupole, a sextupole, and a dipole corrector, a 33 m long dipole string, another set of 
quadrupole, sextupole, dipole corrector, and again a dipole string. 

Dipoles and quadrupoles of the two rings are combined into 'two-in-one' units, each 
having a common yoke and cryostat. The two rings are, therefore, magnetically coupled, 
especially at high field, which imposes the same energy for the two beams. Focusing 
quadrupoles in one ring are paired to defocusing quadrupoles in the other. Sextupole and 
dipole corrector pairs need to be magnetically uncoupled and can indeed be made so by means 
of independent cores. Horizontal dipole correctors in one ring are paired with vertical 
correctors in the other ring. The complete set of quadrupole, sextupole, and dipole 
correctors will be contained in a common cryostat. 

The dipole magnets should be made in units that are as long as possible both because 
the bending length loss at each end reduces the attainable energy, and in order to minimize 
the number of ends, which are the most difficult part of the magnet to fabricate. An upper 
limit to the unit length is, however, given by the access facilities (shafts, service 
tunnels, etc.) to the LEP tunnel, which are designed to allow installation of single 
components up to 12 m long. Another limitation to unit length is given by safety at quench. 
It is estimated that 12 m long magnet plus cryostat units can be built, handled, and 
operated without excessive difficulties and risks. The number of magnets for the whole 
machine is reported in Fig. 13. 

ii) General design considerations 
The general design of the magnets, in particular of the dipoles is, to a great extent, 

dictated by the geometry of the LEP tunnel cross-section (Fig. 14). It can be seen that the 
only space available is a region of roughly 0.8 m x 1.1 m above the LEP magnets. The fact 
that the height of this space is greater than the width indicates that the general shape of 
the magnet plus cryostat plus helium line complex has to be more developed in height than 
in width. 

a ) Intta-beam spacing 
As a consequence, the horizontal spacing between the two channels has to be kept to a 

minimum and the magnet core must be designed with a width much smaller than its 'natural' 
dimension. This can be compensated by an increase in the core height, which, however, 
results in a stronger magnetic flux linkage between the two rings. This situation limits 
the possibility of having beams of different energy and introduces errors in the field 
distribution, which have to be corrected by adequate measures. A small advantage 
nevertheless deserves to be mentioned, namely the larger mutual 'help' of the twin 
magnets, resulting in an appreciable reduction of the necessary ampere-turns. 

b) Aperture 
Existing evidence, gathered from experiments at the ISR and from the Tevatron, tend to 

confirm the feasibility of a cold vacuum chamber. Accordingly, no space for thermal 
insulation needs to be reserved in the magnet coil bore. 



- 7 1 -

Reasonably small apertures offer, of course, the advantage of economical magnets 
fitting more easily into the available space. Large apertures obviously provide more 
comfortable conditions for the beams. The final machine aperture will have to be determined 
in due time, probably as an economical compromise between magnet plus cryogenics cost and 
required luminosity, taking into account beam optics and stability. 

For the sake of the present study, it is assumed that the final choice for the inner 
diameter (ID) of the coil will fall in the range between 35 mm and 50 mm. 

Most of the work was therefore done on the version corresponding to the upper limit of 
50 mm, which is more demanding in magnet size, excitation, and structure, since the most 
important aim of the study was to search for basic limitations. 

A scaling to the lower coil aperture is presented in subsection 2.3.7. 

c) Powering 
In order to limit, as much as possible, the heat intake into the cryogenic system, the 

dipoles and regular lattice quadrupoles are powered in series by means of cold current 
leads enclosed in the cryogenic system. Consequently, the LHC rings will have fixed 
focusing in the normal lattice periods, and their working point will have to be adjusted by 
means of the quadrupoles located in the straight sections on either side of the interaction 
regions. 

During acceleration the magnetic induction in the dipole will be ramped from 0.5 T to 
10 T in about 10 minutes. With such a rate of field change, the superconducting magnets can 
be designed essentially as d.c. magnets. 

2.3.3 Dipoles 
i) Basic options 

a) Field level and current density 
Since it is attractive — even compelling — to reach a beam energy as high as 

possible, the feasibility of dipoles with field as high as 10 T has been investigated. 
A 10 T nominal induction (B 0) is certainly an ambitious goal, but it does not 

appear to be out of reach in the not too distant future provided a vigorous development 
program is started soon. This field level is, therefore, assumed as a working hypothesis. 

Magnetic field computations and previous experience in superconducting magnets 
indicate that the increase of the field in the windings can be limited without difficulty 
to 10% of the field in the aperture, so that the permissible current density can be 
determined on the basis of B < 11 T. Figure 15 shows critical current density, j versus 
magnetic induction B for various superconductors 1 3. The plotted j is the critical current 
density in the 'non-copper' part of the conductor cross-section, i.e. in the 
superconducting compound itself and in the residual non-reacted or bronze part. The best 
experimentally produced conductors (Nb 3Sn at 4.2 K, NbTi + Ta at 1.8 K) feature: 

j * 1300 A/mm 2 at B = 11 T. 

Assuming 50% copper in the wire cross-section, an 80% filling factor in the cable, 
and an 80% filling factor in the coil, and taking into account that the real operating 
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temperature will be about 4.5 K for Nb}Sn, the average critical current density in the 
coils would be about 370 A/mm2. Taking a 20% safety margin (mainly for heating by beam 
losses), the average operational current density will result in 

j = 300 A/mm2 . Jav 

It should be noticed that the safety margin mentioned may have to be reduced for 
larger copper/superconductor ratios, which might become necessary to limit maximum 
temperatures at quench, or if the performance of industrially produced conductors is 
inferior to what can be foreseen at present. 

b) Conductor 
The conductor is assumed to be a suitably tapered stranded cable capable of about 

10 kA current at 11 T. The diameter of the filaments should be < 10 um in order to limit 
persistent current effects to acceptable levels. 

With respect to the nature of the superconducting material, there is to date no sign 
of any technological breakthrough which would indicate different ways of development for 
10 T dipoles other than the two known technologies of Nb3Sn (or other A15) superconductors 
operated around liquid-helium temperature and NbTi + Ta ones, cooled by superfluid 
helium II at 1.8 to 2.0 K. 

Because of the limited time available, the decision has been taken to confine the 
present study to the case of magnets operated at 4.2 K. The reason for this somewhat 
arbitrary decision is that (under the assumption that a certain number of technical 
problems can be solved) the Nb}Sn (or other A15 conductors) seems to have a greater 
potentiality for future development. It is understood, however, that in a more advanced 
stage of the LHC project it would be necessary to have a detailed design of the two 
solutions (at 4.2 and 1.8 K) in order to make a careful comparison of their respective 
merits and costs. 

Two winding techniques are possible with Nb3Sn conductor: 'wind and react' or 
'react and wind'. 

For coils made according to the 'wind and react' technique, high-temperature 
abrasion-resistant insulating materials and extremely careful handling will be needed. 
Furthermore, vacuum impregnation will be difficult to avoid. 

If pre-reacted cable is used, the coil ends will be difficult to make. Bulging 
out of the ends to obtain large bending radii will be probably necessary with, as a 
negative consequence, an important reduction of the magnet effective length. 

For the sake of the present study, a Nb}Sn conductor combined with the 'wind and 
react' technique is assumed, although the other solutions are by no means excluded. 

c) Cold iron or warm iron 
The choice between the two solutions is a complex one and would deserve a thorough 

analysis. Varm iron has the advantage of the small cold mass, which reflects in a shorter 
time for warm-up and cool-down in case of repairs to the magnet system. For 10 T magnets, 
however, where high electromagnetic forces have to be contained, a cold-iron yoke seems 
preferable as it can effectively contribute to the coil support structure with its 
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intrinsic rigidity. Moreover, preliminary design evaluations indicate that a warm-iron 
solution would hardly fit into the space available in the LEP tunnel. 

ii) Pesian of the dipole magnet (examples) 
Two extreme solutions for the magnet cross-section have been considered. The first 

one, identified by the letter A, features an iron yoke as far from the coils as is 
conceivable within the given space limits. The second type of cross-section, identified by 
the letter B, has the iron as close as possible to the coils. Both solutions present the 
same distance between the axes of the twin dipoles (intra-beam spacing). This was fixed at 
180 mm for 50 mm inner diameter of the coils, as a compromise between space constraints and 
the need to avoid excessive multipolar field components. 

a) Cross-section type A (Fig. 16) 
This design is characterized by a coil support structure made from an aluminium alloy. 

The cold steel shield is rather far from the coils. The main advantages of this configur
ation are the following: 

The necessary prestress in the coils is partially produced during cool-down by thermal 
contraction of the aluminium structure. In order to limit deformations under the 
action of the magnetic forces, use can be made, if necessary, of the steel shield 
rigidity by suitably designed mechanical devices or special assembly procedures. 
A good behaviour with respect to magnetic field, as the relatively large distance of 
the saturating steel from the useful region results in a small variation of multipole 
field components versus excitation (see later, Fig. 18). 

b) Cross-section type B (Fig. 17) 
This version features a coil support structure formed by 
a steel yoke close to the coils and vertically split into three parts at the pole 
planes ; 
aluminium alloy or stainless-steel shrinking rings round the yoke. 
The gaps at the pole planes between central part and lateral parts of the yoke are 

open at room temperature and are so adjusted that the desired prestress on the coils is 
reached at cool-down when the gaps are closed. Moreover, adequate compression is produced 
at the mating faces of the yoke parts towards the end of the cool-down process in such a 
way that, when the electromagnetic forces are applied, they can be taken by the shrinking 
rings with negligible displacement. 

The main advantage of this structure is to make use of the rigidity of the yoke while 
reasonably well matching the thermal contraction of the coils, as the outer yoke parts move 
during cool-down following the coils in their contraction. Furthermore, this mechanism 
guarantees excellent transmission capability, from coils to yoke, of the electromagnetic 
forces, whose resultants are mainly directed horizontally outwards (Fig. 19). In this 
respect, this vertically split yoke structure is superior to horizontally split ones, for 
obvious geometrical reasons resulting from different thermal contractions. Another less 
important but not negligible benefit is the high moment of inertia in the vertical plane, 
allowing large spacing of supports in the cryostat. A drawback is, however, the higher 
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sensitivity to iron saturation, which reflects in a larger variation of the multipolar 
contents with field level (Fig. 18). 

A welcome feature, common to both versions A and B, is that the prestress on the coils 
is applied only when needed, i.e. in cold conditions. At room temperature, only a slight 
pressure is exerted on the coils, just sufficient to guarantee integrity of the assembly 
during transport and handling. In this way any risk of flow or creep of coil components 
(especially of organic materials, which may flow under stress at room temperature) is 
avoided. 

ii) Preliminary parameters of the dipole 
Preliminary parameters of the 'two-in-one' dipoles are reported in Table 9. They refer 

mainly to version A but can be considered as approximately valid also for version B. 

Table 9 
Dipole parameters (version A, coil ID 50 mm) 

Nominal field B. 
0 

10 T Coil inner diameter 50 mm 

Peak field in winding B < 11 T Distance between gap centre lines 180 mm 

Average over-all current Transverse size of active part width 600 mm 
density 300 A/mm 2 height 500 mm 

Excitation (per dipole) 1300 kAt Transverse size of the cryostat width 750 mm 
height 900 mm 

Max. current 10 kA 
Magnetic length 10.23 m 

Stored energy 730 kJ/m 
(full 'two-in-one' magnet] Cold mass per unit length »1.5 t/m 

Over-all weight per unit length 
Ramping time 600 s (incl. cryostat) -2 t/m 

iii) Insulation and winding techniques 

The emphasis of this part is on the 'wind first and react after" technique, for the 
reasons already mentioned and also because of the specific experience obtained by the 
development at CERN of a 1 m long, 9 cm bore, 8 T max. field quadrupole, wound with Nb 3Sn 
cable; a similar approach has been used at CEA-Saclay for a dipole magnet 1 4. 

In fact, unless some new technologies are invented, for the specific case of the LHC 
in the LEP tunnel with a given circumference, the 'react and wind' technique would result 
in a reduction in the field level and/or of the magnetic length of the dipoles, i.e. in a 
decrease of the attainable energy of the collider. 

The development of an insulation with adequate mechanical, dielectric, and thermal 
properties for the 'wind and react' technique is of particular importance. The Nb 3Sn 
quadrupole of CERN has been insulated with a quartz braid soaked with paraffin, which was 
evaporated in the course of the reaction process. Upon reaction and before impregnation 
with epoxy rrsin, the mechanically delicate quartz insulation required exceedingly careful 
handling. Thus, despite the positive result obtained, better, stronger, and more handy 
insulations should be envisaged for the LHC dipoles. 
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Preliminary explorations and tests of alternative insulations are encouraging. As an 
example, a 0.1-0.2 mm thick tape made of specially treated E-glass, integrated mica, and a 
binder consisting of an inorganic silicon elastomer plus some organic content, can be 
mentioned. The tape is easily wound around a cable. During a short exposure of the coil to 
air in the course of the reaction process, the organic content is burnt out; it has been 
verified that the superconducting properties of Nb3Sn are not altered by this firing 
process. 

Samples of insulated dummy cable, of comparable size, as envisaged for the 10 T 
dipoles, were measured: the dielectric strength of the insulation before and after reaction 
and upon impregnation with epoxy resin was always superior to 10 kV/mm; compressive 

2 2 
strengths up to 150 N/mm , shear strengths slightly above 10 N/mm , and elastic moduli 
around 24,000 N/mm2 were found at 4.2 K. 

It is emphasized that any envisaged mechanical structure for the 10 T dipoles should 
transfer the bulk of mechanical loading to its metallic parts and limit the stresses in the 
winding to values compatible with the insulating material used. 

A possible coil-forming technique would then consist in fixing the central post to a 
cylindrical mandrel, and in winding each layer separately, or two layers according to the 
double pancake scheme. During winding, the turns are pressed radially and azimuthally and 
then transported on the mandrel into the reaction oven with enough clearance between turns. 
Upon reaction and application of a classical ground insulation, the (double) layer is 
placed into a female mould, tightly pressed to the final dimensions with the reference post 
serving as symmetry axis. Sandwiched NbTi end connections would then be brazed to the ends 
of the Nb3Sn cable, and the set-up could, if desired, be vacuum-impregnated with an epoxy 
resin. 

iv) Field quality 
A tentative magnetic design, assisted by field computations, was undertaken in order 

to assess problems and limitations inherent to 'two-in-one' 10 T dipoles. 
The study was mainly concentrated on the configuration called version A, shown in 

Fig. 16. 

The multipole field components are defined by 

A 
y 
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In a single dipole geometry it is possible to eliminate the 6-, 10- and 14-pole 
components by an appropriate choice of the sector angles of the three layers, if they are 
not too thick. One or two wedges can, in addition, be inserted in the inner layer to limit 
the maximum field in the windings to about 10.7 T. 

The 'two-in-one' arrangement introduces further field perturbations due to the flux 
linkage between the twin dipoles. The most important effect is a strong quadrupole 
component. 

a) Elimination of the auadrunole field component 
Several means of suppressing the unwanted quadrupole component can be devised, in 

particular small modifications of the coil sides nearest to the 'two-in-one' magnet centre. 
In order to verify that this is really feasible, a simple modification, i.e. the insertion 
of a small wedge in the median plane, was tried (Fig. 20). It was found that a wedge with 
an angle of only 0.6* is sufficient to completely suppress the quadrupole component at a 
chosen field level. The cost in terms of excitation is negligible (» 0.3*4). 

b) Variation of multipolar components versus excitation 
Variation of multipolar field content during excitation originates from 

- iron saturation; 
- persistent currents in the superconductor; 
- coil deformation under electromagnetic forces. 

Variation due to saturation of the iron: Figure 18 shows the variation of quadrupole 
and sextupole components for versions A and B as a function of the dipole field. For 
version A the quadrupole, B /B , and the sextupole, B /B , field error components at 
x = 20 mm vary between +2.5 x 10 and +1 x 10 , respectively. Larger variations, as 
expected, are found in version B. No attempt at reducing multipole error dependency on 
excitation, by means of special shaping or introduction of holes in the steel yoke, was 
made in this preliminary study. 

Field errors at injection due to persistent magnetization currents in the superconductor 
filaments: The general expression for the error for the n t h field harmonic is given by 

c f „ n-1 . „ , B = = Cx , n=1, 2, 3, n n n ' ' R 

where R is the coil inner radius and K is a constant. 
The field error is thus proportional to the filament diameter d̂  and to the 

critical current density j . For a given field B and at a given distance x, the error 
depends upon the coil inner radius as 1/R . If x/R remains constant, the relative field 
error varies as 1/R. 

These effects can only be calculated once the real conductor will be known and 
measured. 

Preliminary computations of the relative field error at injection have been 
2 

performed assuming df = 10 urn, B1 = 0.5 T (LHC injection field), and JC = 5000 A/mm 
(averaged over the coil cross-section). The results are given in Table 10. The signs of the 
multipole components correspond to the situation in which the 0.5 T field is reached by 
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lowering the field from above. If, on the contrary, the injection field is reached by 
raising the field from below, the signs have to be changed. 

Table 10 
Relative field errors 

C 
n 

[T/m11-1] 

Relative field error Bn/B1 

at x = 2 cm n 
C 
n 

[T/m11-1] at x = 1.5 cm 
error Bn/B1 

at x = 2 cm 

2 _ _ _ 

3 4.29 1.9 x 10"3 3.4 x 10'3 

4 - - -
5 - 3.5 x 103 - 3.5 x 10"* -1.1 x 10'3 

7 6 x 106 1.4 x 10'* 7.7 x 10'* 

The sextupole error at the same distance x will increase by a factor of 3 if the coil 
radius is decreased from R = 2.5 cm to 1.75 cm. Furthermore, a 0.5 K temperature variation 
would change the persistent current effect by - 5% assuming Nb3Sn superconductors at 4.5 K. 
With the proposed cryogenic system (see subsection 2.4), the expected maximum temperature 
difference between cryostats is only about 0.05 K, so that this effect is negligible. 

Should the above errors be unacceptably high from the point of view of beam 
stability, a correction could be made by means of auxiliary windings. 

Field errors produced by coil deformation under electromagnetic forces: Even when 
properly clamped and prestressed, the coil will elastically deform under the action of the 
electromagnetic forces produced in the LHC magnet (Fig. 19). Deformations of the order of 

- 3 * 
0.1 mm would produce sextupole error variations, Bj/B,! of about 0.5 x 10 at x = 20 mm 

c) Influence of mechanical tolerances at fabrication 
The field distribution in the useful region is strongly influenced by the 

positioning of the conductors. Azimuthal positioning errors of the inner layer of the 
winding are particularly harmful. 

A 0.1 mm error in azimuthal dimension of this layer would produce the following 
multipolar error at x = 20 mm: 

B 
sextupole = 4 x 10'* 

B, 
B 

decupole — - = 2 x 10"* 
B1 

* 
The quoted example is a deformation such that the coil bore would become slightly 
elliptical with a 0.1 mm increase of the coil inner radius in the median plane. 
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Concerning the dipole field fluctuation from magnet to magnet, a 0.1 mm azimuthal 
_ 3 

positioning error of the first coil layer would produce a AB/B of about 1 x 10 
Experience at the Fermilab Tevatron15 suggests that such a positioning error can be kept 
within an r.m.s accuracy of 0.05 mm, so that the r.m.s. magnetic field fluctuation could be 
< 0.5 x 10-3. 

An error typical of 'two-in-one' dipoles is the quadrupole field produced by 
left/right asymmetries of the coil sides. A 0.1 mm error in the azimuthal positioning of 
one coil side would produce at x = 20 mm a quadrupolar error component: 

— — = 6 x 10"*. 

d) Control of stray field 
Stray field might be a problem in the LEP tunnel. The most sensitive geometry in this 

respect is cross-section type A, which has a rather thin iron yoke. A computation was 
therefore done on this geometry supplemented by a 10 mm thick screen at the cryostat wall. 
Results are reported in Fig. 21. It shows that a 5 mm thick carbon-steel screen would 
suffice to eliminate stray field problems outside the magnet. The screen could be incorpor
ated in the cryostat wall or applied to it. 

v) Behaviour at quench 
Estimates of maximum temperature, temperature gradient, and maximum voltage occurring 

in the winding when a dipole quenches, have been made with the 'QUENCH1 program16, assuming 
no artificial way of distributing the energy of the magnet throughout the winding (no 
heaters) and no external extraction of that energy (no external resistor). The aim would be 
to have a self-protected magnet, able to absorb its own energy of 4.4 NJ per channel 
without any damage. The transverse quench velocities should be helpful for the distribution 
of that energy in the winding, since the coil, which has almost a d.c. excitation, does not 
require internal helium cooling, at least not for the a.c. losses. For the present study it 
is also assumed that direct helium cooling is not needed for the radiation or beam losses 
in the normal lattice dipoles. 

In the absence of an actual design of the dipole, several hypotheses have to be 
made with respect to the coil, the conductor, and its insulation. It is likely that the two 
dipoles of the 'two-in-one' magnet in the same cryostat quench at the same time, but, in 
this preliminary evaluation, the stored energy of one dipole is not supposed to be even 
partially 'pumped' by the other. 

For the quench analysis, the coil is replaced by a winding block 43 mm wide, 80 mm 
high, and 24 m long, in which the quench is initiated in the mid-plan at one edge 
(Fig. 22). As mentioned above, the winding is considered as a compact structure without any 
helium penetration between the conductors so that the adiabatic model for the quench 
propagations could be assumed. The self-inductance is about 88 mH. 

The insulated conductor dimensions are assumed to be 10.7 x 3.11 mm2 with an 
insulation thickness of 0.1 mm. In the metallic part, 25 mm2, 10*-. of the section is 
considered as being occupied by the superconductor, whereas 90% is split between the copper 
and the non-copper parts (bronze, Sn alloys). The amount of Cu and consequently the amount 
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of the non-Cu parts have been varied to see the effect of the Cu stabilizer on the maximum 
temperature. 

The field distribution within the coil, outlined in Fig. 22, has been taken into 
account by the calculation of a mean longitudinal propagation velocity 

weighted over the coil surface. For the 10 T dipole, the mean longitudinal propagation 
velocity V 2 corresponds to the velocity at a field of 6 T. For the calculations it has been 
assumed equal on the whole coil section. Taking into account the variation of the Cu 
resistivity and thermal conductivity with the magnetic field, V z has been estimated at 
15 m/s for ordinary copper (RRR = 100) and at 24 m/s for excellent copper (RRR = 1500). The 
transversal quench velocities have been estimated and kept constant at V x = 30 cm/s and 
V = 40 cm/s. 
y 

Figure 22 shows the maximum temperature in a quenching dipole, with the above 
assumptions, versus the percentage of Cu stabilizer. The longitudinal quench 
propagation, which is independent of the amount of Cu, is presented as a parameter. The 
lower curve indicates the current density in the superconductor plus the non-Cu part when 
the Cu percentage varies. If the future developed conductors have current density in 

2 

the range of 1000 to 2000 A/mm , the maximum temperature would range from 450 to 370 K 
with a standard copper as stabilizer, which is already a high temperature for the solders 
and the epoxy resins. Results confirm that T varies as 1/V . Other results of these 

max z 
calculations are that the temperature difference between two adjacent conductors reaches 
15 K during the quench, and that the voltage between the normal and the superconducting 
zone does not exceed 1 kV. 

From the preliminary calculations, it appears that the conductor should have the 
highest possible current density in the superconductor plus the non-Cu part and the highest 
amount of Cu stabilizer. Developments of the conductor should incorporate quench propa
gation velocity measurements. The design of 10 T magnets and their conductor has to be much 
more concerned with maximum temperature and temperature gradients at quench than for 5 T 
dipoles. 

Another result of these calculations is that the current decay can be expressed by 

with T varying from 0.7 s to 1.1 s according to the cases. Since the time interval between 
the quench signal detection in a magnet and the complete dumping of the beam is < 0.5 ms 
(see subsection 2.7.2), the decay of the current in the magnet is completely negligible. 
The delay between the start of the quench and its detection is not to be taken into account 
because the current will not change during this time. 

vi) Protection of the magnet and powering characteristics 
It is assumed that each machine will be independently powered in series by eight 

bipolar power supplies (+150 V). If wanted, the two machines could also be powered in 
series. Each octant includes, for each machine, 180 dipoles and 80 quadrupoles and has a 

V z (x,y) dS 
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self-inductance of 18 H for I = 10 kA. With a ramping time of 600 s, charging of one octant 
requires 300 V (or 1.5 V per dipole). With a bipolar arrangement, the voltage to ground 
does not exceed 150 V. 

The protection of a quenching magnet in series connection in the machine depends on 
the behaviour of the magnet at quench and on the helium distribution system, which could or 
could not prevent the propagation of the quench to the other magnets. When a magnet 
quenches, the beam must be aborted and the quenching magnet should be bypassed during the 
discharge of the machine. A possible solution could be the use of two sets of diodes 
connected in opposition between the terminals of each magnet, to short-circuit and bypass 
the magnet in case of quench, and to protect it from overvoltages due to a breakdown in the 
superconducting bus-bar line. The scheme would be similar to a proposal made earlier 1 7. 
When the final design will be made, the protection system will certainly benefit from the 
experience obtained at Fermilab or at DESY in that domain. 

2.3.4 Quaflrupples 
i) general 
As quadrupoles are less critical than dipoles in the LHC, only little effort was 

devoted to their study. 

It was found that a 250 T/m field gradient could be obtained by using the same 
conductor as for the dipoles. Such a gradient corresponds to 480 A/mm 2 current density, 
averaged over the coil cross-section and to a peak induction in the windings not exceeding 
7.5 T. 

ii) F/p and, F/F configurations 

As for the dipoles, a 'two-in-one' arrangement is necessary. Twin quadrupoles can, in 
principle, be paired in focusing/focusing (F/F) or in focusing/defocusing (F/D) 
arrangements (Fig. 23). The F/F solution, however, requires the two magnets to be 
magnetically decoupled and, therefore, to have larger intra-beam spacing. With the adopted 
180 mm spacing, an F/F arrangement has to be excluded because of the excessive saturation 
of the yoke part between the two magnets (Fig. 23) and of the resulting field errors at 
high excitation levels (mainly dipolar and octupolar errors). 

iii) Cross-section and preliminary parameters of the quadrupoles 
A cross-section of the 1 two-in-one' quadrupole is shown in Fig. 24. The coils are 

wound in two layers with the same conductor as for the dipoles. They are surrounded by 
stainless-steel spacers which separate them from the yoke. The coil support structure 
consists of a mechanism similar to the dipole version B structure, i.e. a steel yoke split 
into three parts with gaps at the pole planes and having aluminium alloy clamping rings. A 
structure based on the same principles was successfully applied in the construction of the 

18-19 
ISR superconducting quadrupoles 

Preliminary parameters of the quadrupoles are listed in Table 11. 
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Table 11 
Preliminary parameters of the quadrupole magnets 

Nominal gradient (T/m) 250 Coil inner diameter (mm) 50 

Peak field in the windings (T) < 7.5 Distance between gap centre-lines (mm) 180 

Current density, averaged over Transverse size of active part (mm) 
the coil cross-section (A/mm ) 480 width - 500 

height - 300 
Max. current (kA) - 10 

Weight (t/m) - 1 
Stored energy 
(full '2-in-r quad.)(kJ/m) 200 Magnetic length (m) 2.80 

2.3.5 Sextupoles 
The sextupoles will share the same cryostat with the quadrupoles and the correcting 

dipoles. Their function will be to correct lattice chromaticity and to compensate for the 
different sextupole errors that are unavoidable in the dipole magnets owing to saturation, 
persistent currents, and deformation under electromagnetic forces. Their functioning must 
therefore be independent for each beam channel. 

A preliminary layout is presented in Fig. 25. It consists of two separate yoke 
cylinders which contain the sextupole coils. Whether one will use six coils or combine them 
into three can be decided only after a more detailed analysis. 

2 2 2 

Even with a NbTi conductor, a sextupole strength of 6 B/6r = 8000 T/m can be 
reached, which has been verified to be more than sufficient for all the purposes these 
magnets will have to fulfil. The space available in the combined cryostat would allow an 
effective length of 0.72 m. This, however, is thought to be a maximum and should be adopted 
only if justified by final requirements for the sextupole. Preliminary parameters are 
presented in Table 12. 

Table 12 
Preliminary parameters of sextupole magnets 

Nominal strength 5B 2/6r 2 (T/m2) 8000 Coil inner diameter (m m) 50 

Current density, averaged over Coil outer diameter (m m) 70 
the coil cross-section (A/mm ) 470 

Yoke inner diameter (m m) 90 
Ampere turns per pole (kAt) 50 

Yoke outer diameter (m m) 150 
Maximum field in coil (T) 3.2 

Effective length (maximum)(m) 0.72 
Maximum field in iron (T) 1.4 

Conductor NbTi 

2.3.6 Orbit correction dipoles 
An inevitable result of 'two-in-one' magnets is the restricted freedom to correct the 

closed orbits at high fields by moving the lattice quadrupoles. However, since these are 
horizontally F for one orbit and D for the other, it could be envisaged, if both orbits are 
known in detail, to make compromise adjustments weighted by the corresponding ß values. Any 
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remaining correction needed must then be provided by orbit correction dipoles. These would 
be simple 'two-in-one' units adjacent to the quadrupoles and providing vertical field on 
one orbit and horizontal field on the other. 

Clearly, to minimize the heat load introduced by the current leads, the current should 
be as low as possible, consistent with adequate mechanical strength of the conductor. 

One possible solution is shown in Fig. 26, based on a 0.23 mm diameter wire with 
7 urn NbTi filaments and a critical current of 30 A at 4 T. To avoid unwanted 'cross-talk' 
between the two halves of the corrector, the maximum reluctance in the iron should be 
limited to a few percent of the air gap. This implies maximum fields of about 2 T. 

In order to power the 128 individual circuits in each octant, it is interesting to 
note that the correctors form four families (H and V on each orbit), each of which should 
add algebraically to zero, since the corrections should do no net bending. It then seems 
feasible to use a current-bus system with local solid-state current shunts to provide the 
excitation currents. A three-bus system (positive, negative, and earth) would greatly 
reduce the amount of copper installed in the LEP tunnel for powering correcting dipoles and 
almost eliminate cable insulation. 

The provision of orbit correctors presents no particular problems, but would be 
determined by practical and cost considerations. A possible set of parameters is given in 
Table 13. 

Table 13 
Preliminary parameters of orbit correction dipoles 

Maximum field (T) 2.0 Maximum current (A) 21 
Excitation (per gapMkAt) 84 2 

Apertures (mm ) 2.50 x 50 
Coils per gap 2 2 

Coil cross-section (mm ) 25 x 6 
Turns per coil 2000 2 

Iron cross-section (mm ) 320 x 140 
Wire diameter (mm) 0.23 Over-all length (m) 1.25 

2.3.7 Scaling of magnets to 35 mm ID 
This preliminary study has shown that a 'two-in-one' magnet with 50 mm coil ID can fit 

into the space which will be available in the LEP tunnel. The same is true, a fortiori, for 
magnets with smaller IDs, and it is therefore useful to examine the consequences of a 
reduction of magnet aperture on the general economy of the machine. For this purpose, the 
possible dimensions of the dipole cross-section for the case of 35 mm ID have been 
determined and are shown in Fig. 27, which helps to clarify some of the issues. Preliminary 
parameters are reported in Table 14. 

The reduction in magnet aperture offers the obvious advantage of a proportional 
reduction in the required mass of the superconductor. The over-all transverse dimensions of 
the magnets and cryostats, however, are less conspicuously reduced, because of magnetic, 
structural, and cryogenic considerations, and because of the limits on beam-to-beam 
distance set by other machine components. The most significant benefit in this respect is 
the decrease of the mass to be cooled by about 30% in passing from 50 mm to 35 mm ID. 
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Table 14 
Dipole parameters (Version A, coil ID 35 mm) 

Nominal field Bg (T) 10 
Peak field in winding B (T) <11 
Average over-all current 
density (A/mm ) 300 
Excitation (per dipole)(kAt) 900 
Max. current (kA) 10 
Stored energy (kJ/m) 500 
(full 'two-in-one' magnet) 
Ramping time (s) 600 

Coil inner diameter (mm) 35 
Distance between gap centre-lines (mm) 165 
Transverse size of active part (mm) 

width 490 
height 370 

Transverse size of the cryostat (mm) 
width 640 
height 750 

Magnetic length (m) 10.23 
Cold mass per unit length (t/m) - 1 
Over-all weight per unit length 
(incl. cryostat) (t/m) - 1.4 

The vacuum chamber aperture, in the case of 35 mm ID, would still be adequate to 
contain the beam from the SPS, with certain choices of lattice parameters, but the margin 
for injection errors and beam blow-up would probably become uncomfortably small for a 
machine lattice less strongly focused than that of LEP. The field quality inside the vacuum 
chamber would deteriorate: the sextupole terms due to errors in conductor position and to 
persistent currents would be almost three times larger. For a filament diameter of 10 um, 
the latter would reach a value B*/B = 50 m"2 (B3/Bt = 5.5 x 10-3 at x = 1.5 cm) at 
injection. The strength of the chromaticity sextupoles could be adequate to compensate for 
such sextupole fields, but their tolerable spread in view of beam stability would set tight 
tolerances on the uniformity of filament diameters and critical currents, which might 
influence the cost of wire production and processing. 

Also the spread in bending strength from dipole to dipole is likely to increase for 
smaller apertures and would require stronger correcting dipoles. At the same time the 
margin for closed-orbit distortions inside the aperture would be reduced. As a consequence, 
a limit might eventually be imposed on aperture reduction by the feasible accuracy in 
closed-orbit correction as a function of field all along the acceleration cycle. Expected 
field errors in the dipoles are listed in Table 15 for the two apertures. Their influence 
on beam stability and dynamic aperture is discussed in subsection 2.2.2 and summarized in 
Table 8 of subsection 2.2.4. 

Additional problems and costs in coil winding might arise from the increased ratio of 
the conductor cross-sectional area to that of the coil sectors, which makes it more 
difficult to approximate the ideal current distribution, and from the reduction in the 
dimensions of certain structural elements (posts, spacers) and of the radii of curvature of 
the coil ends. 

The determination of an optimum magnet aperture will therefore require a detailed 
investigation of several technological and economic aspects of conductor and magnet 
production, together with further progress towards the choice of other machine parameters. 
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Table 15 
Estimated field errors in LHC dipoles 

a) Coil ID 50 mm 

Origin of error 

r.m.s. spread 
of bending 

power 

Multipolar errors B ^ B ^ 
at x = 1.5 cm 

Origin of error 

r.m.s. spread 
of bending 

power 

V B i V B , 

* 
Fabrication tolerances 0.5 x 10" 3 1.6 x 10"* 

(r.m.s.) 
1.1 x 10"* 
(r.m.s.) 

0.3 x 10"* 
(r.m.s.) 

Persistent currents in 
superconductors at 
injection (B1 = 0.5 T) 

0.1 x 10" 3 — 2 x 10" 3 -3.5 x 10"* 

b) Coil ID 35 mm 

Origin of error 

r.m.s. spread 
of bending 

power 

Multipolar errors B n / B 1 

at x = 1.5 cm 
Origin of error 

r.m.s. spread 
of bending 

power 

V B 1 

* 
Fabrication tolerances 0.7 x 10" 3 3.0 x 10"* 

(r.m.s.) 
2.8 x 10"* 
(r.m.s.) 

1.5 x 10"* 
(r.m.s.) 

Persistent currents 
(as above) 0.14 x 10" 3 — 5.5 x 10" 3 - 2 x 10" 3 

0.05 mm r.m.s. error in the azimuthal dimension of first coil layer, or (for n=2) 

0.03 mm r.m.s. error in the azimuthal position of one coil side. 

Note: 
1. The r.m.s. spread of the errors due to persistent currents could be - 5% (from 

experience at the Fermilab Tevatron). 
2. Quadrupole (n = 2) and sextupole (n = 3) errors caused by other effects (iron 

saturation, coil deformation) can be eliminated at a wanted field level. Their 
variation with field is treated in subsection 3.2.4. 

2.3.8 Conclusions 
In the course of this preliminary study a number of problems have been identified 

which deserve a more thorough investigation, but no fundamental physical or technical 
limitation has been found that would prevent building a Hadron Collider using 8 to 10 T 
magnets in the LEP tunnel. The 'two-in-one' magnets with their cryostats and helium 
distribution lines fit in the available space (Fig. 4 ) . 

The outlined 'two-in-one' magnets can be produced on an industrial scale in the 
future, provided the necessary preparatory research and development (R&D) work is carried 
out. 



- 85 -

The first domain in which development is needed is that of the conductors, where high 
current density has to be combined with small filament diameters and a sufficient 
percentage of stabilizer. Reproducible industrial production processes have to be 
established. 

Other fields in which a vigorous R&D programme is necessary are insulation systems, 
winding and fabrication techniques, mechanical structures, and protection means at quench. 

Recalling that the development of reliable 4 to 5 T superconducting magnets of a 
quality suitable for accelerators took about 10 years, it is recommended that an adequate 
R&D effort be started soon in Europe in order to be ready to build an LHC in the LEP tunnel 
in the next decade. 

2.4 Cryogenics 
2.4.1 introduction 
The purpose of this subsection is to provide only a preliminary study of the cryogenic 

system for the LHC. A proper final design is far beyond the present scope. Rather, the aim 
is to find out whether impossibilities or very great difficulties are likely to arise when 
the cryogenic system is designed, taking into account the known boundary conditions and the 
constraints imposed by the LEP accelerator. Thus this subsection is deliberately confined 
to the study of an installation where magnets are operated at 4.5 K. However, it is clear 
that in a more final study the merits of a solution at lower temperature should also be 
considered. 

2.4.2 Specific cryogenic aspects of the LHC 
The study commenced by making a comparison between the LHC cryogenics and those of 

other already constructed or designed superconducting accelerators. 
When comparing the LHC with the Tevatron, the sole superconducting accelerator of 

large size currently in operation, or with ISABELLE/CBA and HERA, two recent accelerator 
projects in which considerable design effort has been invested, three outstanding 
differences can be seen: 

i) The LEP/LHC tunnel (circumference about 27 km) is much longer than the tunnels for the 
Tevatron and HERA (both about 6.3 km) and for ISABELLE/CBA (about 3.8 km). Cooling by a 
single refrigerator, as was proposed for ISABELLE/CBA, is probably not practical for the 
LHC because of the difficulties of long-distance cryogenic helium transfer. Space for 
refrigerators in the LEP/LHC tunnel is only available in the underground halls at the eight 
interaction points. Thus, if it is assumed that eight refrigerators are installed, each of 
them cooling the magnets located in the two adjacent half-octants (Fig. 28), the length of 
the magnet strings to be cooled in line would be 1/16 of the machine circumference, i.e. 
approximately 1,700 m. This must be compared with about 130 m (= 1/48 machine circumf
erence) in the case of the Tevatron, which is cooled by 24 'satellite* refrigerators, and 
about 800 m (1/8 machine circumference) in the case of HERA, which will probably be cooled 
by 4 refrigerators. 
ii) At variance with the tunnels of the three reference accelerators, which are 
horizontal, the LEP/LHC tunnel (beam plane) has a slope of 1.5\. This leads to a level 
difference of about 125 m between the lowest and the highest point of the tunnel axis. This 
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level difference would correspond, in terms of liquid helium, to a hydrostatic pressure 
difference of about 1.4 bar. 
iii) The high field of the LHC magnet implies a large cold mass and a large stored energy. 
A tentative design of the LHC high-field magnets gives a cold mass of 1500 kg and a stored 
energy of 0.75 N J per metre of dipole length. Corresponding values for HERA dipoles are 
200 kg and 0.1 H J . The high values of the cold mass and of the stored energy can create 
problems for the initial cool-down and in case of magnet quenches. 

2.4.3 Possible cryogenic scheme for LHC 
i) Refrigeration distribution 
It is considered an a priori requirement to exclude two-phase flow in the refrigera

tion distribution pipework between the refrigerators and the cryostats. The long distances 
to be covered in a sloping tunnel would most probably lead to serious problems with flow 
instabilities and oscillations. Single-phase flow can, however, be combined with the 
advantages of two-phase bath cooling of the magnets in a refrigeration distribution scheme 
as shown in Fig. 29. 

Each refrigerator supplies supercritical or subcooled liquid helium to the magnets at 
a pressure of a few bar and a temperature of about 4.5 K via an 80 mm diameter manifold 
(line A to A on Fig. 29). The two half-octants branching from each underground hall are 
connected in parallel to the same refrigerator (Fig. 29). Valves are installed in each 
cryostat, ensuring individual helium supply from the manifold. Through each valve, the 
helium is expanded from supply pressure to recovery pressure and thus converted to 
saturated liquid with low vapour content. The liquid fills the cryostat to the desired 
level. The level is controlled by the valve. The vapour from each cryostat is returned to 
the refrigerator via a 150 mm diameter return manifold (B to B in Fig. 30). To reduce the 
over-all losses of the system, the cold lines A to A and B to B are integrated into the 
cryostat as shown in the cross-section in Fig. 30. In case of failure of one of the eight 
refrigerators, this scheme would allow the LHC to be operated by shifting the cryogenic 
load of the octant to the two adjacent ones. 

A disadvantage of the system is the requirement of one cryogenic valve and one control 
loop per cryostat. However, if proper attention is given to this point, the over-all 
reliability of the system should not be significantly affected. 

The plants also provide the refrigeration for the liquid-nitrogen loops cooling the 
radiation shields (see Fig. 29). These loops are kept at sufficiently high pressure to 
avoid the formation of vapour. Circulation is ensured by means of pumps. The nitrogen flows 
and returns along two parallel pipes of diameter 60 mm directly attached to the shield 
(Fig. 30). 

Flow and pressure conditions in steady operation are given below. Heat loads have been 
pessimistically extrapolated from existing designs. The figures show that the suggested 
distribution scheme is dimensioned to transport more than twice the cooling power required 
by the LHC cryostats in steady operation, which is estimated to be approximately 2 W/m at 
4.5 K. 
- Helium supply manifold (diameter 80 mm): 

Flow provided by refrigerator to each half-octant: 375 g/s 
(corresponding to average losses of 4.5 W/m) 
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Pressure near refrigerator: 4.5 bar 
Pressure drop in line A to A: 0.35 bar. 

- Helium recovery manifold (diameter 150 m m ) : 
Flow recovered by refrigerator from each half-octant: 375 g/s 
Pressure in most distant cryostat: 1.25 bar 
Pressure near refrigerator: 1.20 bar 

Maximum temperature difference between cryostats: 0.05 K. 
- Nitrogen shield cooling pipes (diameter 60 mm) : 

Flow supplied to each half-octant by refrigerator: 2500 g/s 
(corresponding to an average heat input of 30 W/m) 
Pressure drop per half-octant: 4 bar. 

ii) Cryostat 

The cross-section of a possible cryostat is shown in Fig.30, but probably there are 
many other solutions. 

Taking the simplest solution at hand, the cryostat is cooled at only two temperature 
levels, 4.5 K for the magnet assembly and 80 K for a radiation shield surrounding it. 

The only purpose of this very preliminary design is 

a) to find the over-all cryostat size and to check that its dimensions are compatible 
with the available space in the LEP tunnel; 

b) to calculate the heat input and to verify that, even with a very simplified design 
which has in no way been optimized, the losses are smaller than the cooling power 
which can be transported. The calculated losses for a 12 m long cryostat are 
approximately 24 W at 4.5 K and 200 W at 80 K. The approximate breakdown of the losses 
at 4.5 K is 30% conduction through the supports, 30% by the valves, 15% by radiation, 
25% miscellaneous. 

iii) Refrigerators 
The refrigeration system is assumed to consist of eight independent refrigerators 

located in the underground halls at interaction points, each of them cooling two 
half-octants, i.e. a tunnel length of about 3,400 m. On the basis of the figures quoted 
before, a refrigerator suitable for cooling two half-octants should provide 

- isothermal refrigeration at 4.5 K for the magnets: 15 kW 
- non-isothermal refrigeration by helium gas between 

4.5 K and 300 K for the current leads: 9 g/s 

- non-isothermal refrigeration at approximately 80 K 
for the radiation shields: 100 kW. 

The figures given above are in excess of the calculated static losses of the LHC. This 
is necessary to cope with the initial machine cool-down, to take into account possible 
degradation of the refrigerator performance, and to permit the load shifting from one 
octant to the two adjacent ones. A possible flow scheme for such a refrigerator, based on a 
four-stage Claude cycle, is shown in Fig. 31. The installed compressor power necessary for 
the cycle is of the order of 7 MW, i.e. about 56 MW for the eight refrigerators installed 
around the ring. The power required in steady operation will be substantially lower. 
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The size of one refrigerator cold box is of the order of 200 m . The necessary space 

must be reserved in the underground halls. 

iv) Auxiliary equipment 
The refrigeration system of the LHC requires the installation of major cryogenic 

equipment, such as storage tanks for cryogenic fluids and purification facilities. This 
equipment, together with the compressors, is to be installed above ground, and the 
necessary space and buildings must be provided. It is assumed that the cryogenic fluids 
(helium and nitrogen) will, for economic reasons, be stored in liquid phase. It is, in 
particular, assumed that eight storage tanks, each of a capacity of about 80,000 litres of 
liquid helium, will be necessary, one at each interaction point. 

2 . 4 . 4 Cool-down 

The magnets are cooled down by a forced flow of helium gas of progressively decreasing 
temperature. 

The minimum string of magnets which can be cooled by one refrigerator with the 
proposed scheme corresponds to half an octant. The total mass to be cooled from room 
temperature to 4.5 K is 2.2 x 10 kg per half-octant or 3.5 x 10 kg for the entire 
machine. The calculated cool-down time from room temperature to 4.5 K is approximately 
360 h. An additional 50 h are required to fill the system with liquid helium. In this 
phase, only the refrigerator power in excess of the system static losses is available. The 
warm-up time of the system is comparable to the cool-down time. Figure 32 illustrates the 
flow conditions at the beginning of the cool-down period. 

With the proposed scheme the cool-down time cannot be substantially reduced. The 
limiting factors are the pressure drop in helium pipes, the available power of the 
refrigerator and the maximum permissible difference between the temperature of the magnet 
and that of the cooling gas. 

If frequent failures or maintenance of cold components (magnets, cryostats, vacuum, 
etc.) are expected and hence a much shorter cool-down time is required, an alternative 
scheme could be implemented where the cooling down and the warming up of a single magnet 
(or of a small number of magnets) are possible independently of the rest of the half-
octant. However, as such an option would imply serious complications in the cryogenic 
piping and increase the cryogenic losses, it should be avoided. 

2 . 4.5 Magnet quench 
The energy stored per unit length of dipole is 0.75 MJ/m, amounting to 9 MJ per 

magnet. If a quench occurs, this energy will ultimately be released as heat, producing a 
rise in coil temperature and vaporization of helium, a fraction of which will have to be 
discharged from the cryostat in order to avoid pressure rise in excess of the allowable 
value. In view of this, the availability of the large (diameter 150 mm) cold return 
manifold is a considerable asset. Preliminary calculations, based on an energy release rate 
of 150 kW per dipole magnet and a maximum allowable pressure of 10 bar, have shown that the 
return manifold could cope with helium flow resulting from simultaneous quenches of four or 
five neighbouring magnets. Of course, current through the other magnets of the half-octant 
would have to be ramped down after detection of the quench in order to avoid quench 
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propagation due to pressure rise in the vapour return manifold. If long strings of magnets 
(more than four or five) quench at a time, the safety relief valves installed on the 
cryostats would have to open and discharge helium into the machine tunnel. Besides loss of 
helium inventory, such an occurrence would have direct consequences on equipment and 
personnel safety, evoked in the next paragraph. 

2 . 4.6 Safety 
The essential safety problem associated with the LHC refrigeration system is the 

presence of large quantities of cryogenic fluids in the machine tunnel. These fluids, if 
released accidentally, can create hazards of asphyxiation by exclusion of air and, to a 
lesser extent, of injuries to personnel and damage to equipment due to low temperature. 
Safety strategies will probably use the following defence lines: 

a) Magnets designed in such a way that a simultaneous quench of many units (the most 
probable cause of massive helium release) is not likely to occur accidentally. 

b) Minimization of the helium and nitrogen inventory of the cryostats and distribution 
lines. 

c) Proper positioning of the cryostat emergency exhaust vents in the tunnel, taking into 
account the gas stratification (helium at ceiling, nitrogen at floor level). 

d) Provision of personal protection facilities against cold and against lack of oxygen; 
protection of critical components against cold. 

It is hoped that by these means the over-all risk can be kept at an acceptable level. 
The other safety problems of the LHC cryogenic system can be assumed to be of a 

classical nature and can be solved by proven methods of engineering. 

2 . 4.7 Summary and conclusions 
The purpose was to examine the feasibility of the LHC from the cryogenic point of 

view. This was done by assuming a particular cryogenic system and studying its impli
cations. No fundamental problem or difficulty which would prevent the installation of a 
cryogenic LHC in the LEP tunnel was found. 

All the arguments refer to the version with 50 mm bore magnets. It is assumed that the 
35 mm bore version is not more demanding, as far as the cryogenics is concerned. 

It cannot be claimed either that the system studied is the only feasible one, or that 
the necessary optimization work has been done. A number of problems are still open. In 
particular, the cool-down should be reconsidered if a short cool-down time (e.g. < 15 days) 
is required. A summary of the main characteristics of the cryogenic system is given in 
Table 16. 

Table 16 is intended to give only an order of magnitude of the main parameters of the 
cryogenic system, and figures should be reviewed after a more detailed study. 
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Table 16 
Characteristics of the LHC cryogenics 

Number of refrigeration plants: 8 
Distance between refrigeration plants: 3330 m 

Per octant Total 
Maximum installed primary refrigeration 
(4.5 K): 15 kW 120 kW 

Maximum installed secondary refrigeration 
(< 80 K): 100 kW 800 kW 

Maximum installed liquefaction 
(current lead cooling): 9 g/s 72 g/s 
Maximum installed compressor power: 7 MW 56 MW 
Cold mass (4.5 K): 4.4 x 106 kg 3.5 x 107 kg 
Helium inventory (equivalent liquid): 50 000 1 400 000 1 
Nitrogen inventory (equivalent liquid): 20 000 1 160 000 1 
Cryostat primary heat inleak (4.5 K): - 2 W/m 
Cryostat secondary heat inleak (< 80 K): »15 W/m 

2.5 Vacuum system 
2.5.1 Introduction 
Designing the vacuum system of an accelerator equipped with superconducting magnets 

requires, in the first instance, the decision on whether the vacuum chamber will be kept at 
room temperature or cooled down together with the magnets. 

The latter alternative is particularly attractive because it results in a smaller 
magnet bore and automatically provides the huge pumping speed of a continuous cryopump. 
The disadvantages of this choice are the difficulty of machine alignment and the rigid 
operational interdependence between vacuum and magnets. This interdependence may be 
inconvenient when, for instance, the vacuum system is vented to atmospheric pressure, 
because in this case warming up of the magnets is required. 

When, however, magnetic fields of the order of 10 T are needed, as it is the case for 
the LHC, the first alternative vanishes. Very high field magnets call for a small 
aperture, which neither offers the space for a thermally insulated beam chamber nor 
provides sufficient conductance for the required pumping. Therefore, in the present study 
of the vacuum system for the LHC, only the feasibility of the "cold bore' solution will be 
discussed. 

2.5.2 Design of the vacuum system 
A schematic view of the LHC vacuum system in the cold sectors is given in Fig. 33. Its 

main features are as follows. 
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i) vacuum chamber 
The vacuum chamber will be a tube of circular cross-section. Its internal diameter 

will be defined by beam dynamics and magnet design considerations. It is assumed here that 
it will be in the range between 20 and 40 mm. Stainless steel is chosen as chamber material 
for ease of welding and for matching the coefficient of thermal expansion of the magnet 
cryostat. Since the cooling of the magnets will require several days, it may be assumed 
that at any time the temperature of the vacuum chamber and that of the magnet helium vessel 
will be the same. The choice of the same material for these two parts will remove the need 
of bellows to compensate their differential thermal expansion. One bellows, however, is 
needed on the beam vacuum chamber in the intermagnet gap, where it must compensate the 
contraction of the inner cold chamber with respect to the warm external wall of the magnet 
cryostat. This bellows should be properly shielded to ensure beam stability and minimize 
local power dissipation by RF heating. 

Because of the heating produced by the image current circulating on the surface of the 
vacuum chamber, the latter must be coated internally with a material having low electrical 
resistivity at 4.5 K and at 10 T. A good choice for the coating material would be Al or Cu. 
Aluminium may be difficult to coat on to stainless steel. Coating with copper is easier 
but it has a higher magnetic resistivity20. Values of resistivity as low as 3 x 10~ 1 0 B-m 
are possible, and it may be assumed that practical coatings, about 30 urn thick, may present 

_ g 
a resistivity of about 1 x 10 Q-m. 

ii) Sectorization of the main vacuum system 
Vacuum sectors will be 1.6 km long covering about half an octant. The end-points of 

these sectors and of the cryogenic sectors coincide in the arcs. Sectorization will be 
obtained by means of all-metal valves at ambient temperature, and precautions will be taken 
to avoid the risks of air leaks from these warm parts. Each sector will have about 20 
lateral outlets to which will be connected sputter ion pumps and 3 valves for roughing, as 
explained below. 

Any cold-to-warm transition on the beam chamber can cause many inconveniences. First, 
baking may be required to ensure the necessary vacuum stability. Baking a part of a vacuum 
chamber while cooling another part is always problematic because at the end of bakeout the 
molecules may migrate back from the cold part and spoil the surface cleanliness obtained by 
the baking. 

Furthermore, air leaks may develop, which may result in a layer of frozen air thick 
enough to produce pressure spikes in the presence of circulating beams (see subsec
tion 2.5.3). The only remedy would then be to warm up the sector. 

Finally, these transitions will bring a heat load by radiation and conduction, which 
will be enhanced by any low resistivity coating. 

Therefore, these transitions should be reduced to a very limited number of places, for 
instance, at the end of the cryogenic sectors where they would permit the installation of 
warm vacuum sector valves. 

iii) Room-temperature lateral connections 
A certain number of lateral room temperature connections are needed on the main vacuum 

chamber for initial pumpdown, leak detection, sputter-ion pump connection, and pressure 
measurements. 
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These connections may be obtained by tubes linking the main vacuum chamber to the 
external wall of the magnet cryostat in the intermagnet gap. To fulfil their vacuum 
function, these tubes may be of small diameter (10 to 20 mm) and they should be flexible to 
facilitate the initial assembly of the cryostat and to permit relative movement of the 
inner cold vacuum chamber with respect to the outer wall of the cryostat. Their geometry 
and material (stainless steel of low thermal conductivity) will minimize thermal 
conduction. Since this cold-to-warm transition would not be on the beam path it would not 
require baking. 

Three further advantages may be obtained by linking these tubes thermally to the 
intermagnet liquid-helium transfer line inside the cryostat. The first is that any air 
leaking in from room temperature via this lateral connection will be stopped before 
reaching the beam vacuum chamber, avoiding the risk discussed before. Secondly, during 
cool-down the He transfer line will cool more quickly than the main vacuum chamber, and 
consequently the lateral tube will act as the initial cryopump for the residual gases. 
Lastly, the pressure at the warm end of the lateral tube will be quickly reduced to values 
low enough to switch on the sputter-ion pumps, which may then be used to monitor the 
pressure during cool-down and detect any He leak in time. 

The distance between lateral connections on the machine may be derived from the 
following discussion of their various functions. 

a) Leak detection during assembly 
Localizing a leak is problematic if the distance between leak and detector is too 

large. According to experience, it is reasonable to provide lateral connections for leak 
detection at about 80 m intervals. 

b) Initial pumpdown 
Initial pumpdown will be carried out by means of baffled rotary pumps or turbo-

molecular pumping stations. They will be linked to the lateral connections via valves, 
which will permit them to be removed after initial pumping. A reasonable distance between 
these points is about 500 m. 

c) Pumping of non-condensable gases and pressure measurements 
Some pumping for He must be provided to cope with its possible leaking into the main 

vacuum from the insulation vacuum of the cryostats. This pumping may be provided by sputter 
ion pumps connected to the room temperature outlets. Owing to the strong conductance 
limitation imposed by the vacuum chamber geometry, it is sufficient to consider pumps of 
nominal speed less than about 30 1-s" 1. In addition to the pumping function, these pumps 

_ g 

will also be useful to monitor pressure rises above about 10 Torr. Because of the 
unpredictable nature of the leaks, the measuring function rather than He pumping will 
define the distance between sputter ion pumps on the machine. A reasonable resolution for 
pressure monitoring may be obtained by installing pumps at 80 m intervals. Some ionization 
pressure gauges may provide higher sensitivity for low-pressure leak monitoring. A few 
pressure gauges (Pirani type) should also be installed to provide information in the range 
from atmospheric pressure down to 10" 3 Torr. 

iv) Insulation vacuum 
To minimize the effect of possible leaks into the main vacuum system from the 

insulation vacuum, the latter should be as efficient as possible. A reasonable target for 
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the insulation pressure is 10" Torr. Some cryosorption pumps using adsorbents of large 
surface area and cooled by the liquid He transfer line may help in speeding up the initial 
pumping and reducing the He gas background. It may be advisable to separate the insulation 
vacuum in sectors shorter than the 1.6 km long cryogenic sectors in order to reduce the 
risk of He leaks into the main vacuum via the insulation vacuum. The likelihood of such 
leaks is given by the combined probability of having simultaneously a leak from the He 
vessel to the insulation vacuum and another leak on the main vacuum chamber. A sector-
ization of the insulation vacuum may also help for leak localization. 

2.5.3 Expected vacuum performance 

i) static vacuum 
a) Pressure requirements 

Interaction with residual gas molecules via nuclear scattering and multiple Coulomb 
scattering results in the loss of circulating protons and the decay of beam intensity. 

2 1 

Theoretical estimates and past experience with the operation of the CERN SPS as a proton 
storage ring show that an average nitrogen pressure of about 5 x 1 0 " 1 0 Torr is required to 
yield a beam lifetime of more than 24 hours. The same gas density inside a vacuum chamber 
at 4.5 K corresponds to a pressure of 6 x 1 0 " 1 1 Torr when measured at a room temperature 
connection. Thanks to the smaller cross-sections, a helium pressure of about 3 x 1 0 " 1 0 Torr 
Torr and a hydrogen pressure of about 6 x 1 0 " 1 0 Torr would be tolerable, both measured at 
the room temperature end of a lateral connection. 
b) Pumpdown procedure and ultimate pressure 

A pressure lower than 1 Torr may be obtained within one hour of pumping from 
3 -1 

atmospheric pressure by means, for instance, of baffled rotary pumps of 10 m -h pumping 
speed, located at 500 m intervals. Below this pressure the cooling may start, resulting in 
a fast cool-down of the traps on the lateral connections of the main vacuum system. These 
traps, which are spaced at 80 m intervals, ensure an efficient pumping of water vapour and 
other condensable gases which desorb from the still-warm beam chamber. It may be assumed 
that an average pressure of 10" 5 Torr is reached within 24 hours, when about 1 0 1 5 molecules 
per cm of water vapour remain on the vacuum chamber walls. At this pressure the 
sputter-ion pumps may be ignited, which allows the pressure evolution to be monitored 
during the cool-down of the magnets. Experience gained with the ISR 'cold-bore' section 2 2 

shows that upon cooling to liquid-helium temperature without bakeout, a pressure lower than 
- 1 2 

3 x 10 Torr (mainly H 2 ) may be obtained, measured at the at room temperature end of a 
lateral connection. This pressure is about 2 orders of magnitude lower than required. 

As far as the warm extremities of the vacuum sectors are concerned, efficient pumping 
will be supplied by the adjacent cold regions if the warm length is below 2 m. The long 
pumping-time made available during the cooling of the magnets will permit them to reach the 
specified pressure even without baking. For longer warm sectors, additional pumping and/or 
baking should be considered. 
c) Leaks 

Vacuum leaks may have serious consequences. One single large leak may necessitate 
warming up a complete sector. Therefore, the probability of such an event should be 
minimized by following correct design principles. Inside the He vessel of the magnet 
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cryostat, leak tightness may be virtually guaranteed by avoiding welds on the beam vacuum 
chamber. In the intermagnet gap the effect of any possible leak will be minimized by the 
insulation vacuum of the cryostat: a good insulation vacuum will render harmless leaks 10 
orders of magnitude larger than usually specified according to OHV standards. Air leaking 
in from the lateral connections is prevented from reaching the beam chamber by the 
interposed cold traps. Only leaks located on the warm sections of the beam chamber present 
a real danger, which should be reduced by keeping these regions short and taking all 
possible precautions for the selection and assembly of the warm vacuum components. 

If, in spite of the protection offered by the insulation vacuum, He leaks into the 
main vacuum system, pressures higher than the average pressure specified before may be 
tolerated over a reduced length of the machine. For instance, an average pressure of about 
10" 7 Torr is tolerable in the 80 m interval between two adjacent sputter-ion pumps. 
Although attenuated by an order of magnitude because of the restricted conductance and 
the pumping speed of these pumps, this pressure would be high enough to provide a 
detectable signal on the pump current. On the other hand, these pumps can withstand pumping 
He at this pressure almost indefinitely. 

ii) Synchrotron radiation-induced gas desorption 
Properties of the synchrotron radiation spectrum in the LHC [for convenient formulae, 

see elsewhere 2 3] are summarized in Table 17 which lists values of critical energy and 
linear power density over the beam energy range from 0.5 to 10 TeV. Synchrotron radiation 
from 3564 bunches of 2.6 x 1 0 1 0 protons per bunch at 8.14 TeV will amount to 120 mW/m, with 
a critical energy of about 71 eV. Figure 34 shows the total number of photons per A-s-m as 
a function of the beam energy. The curves correspond to different values of the lower 
photon energy cut-off. 

Table 17 
Critical energy e and radiation power versus beam energy 

E (TeV) e c (eV) P (W/m-A) 

0.5 1 44 x 10" 2 8 1 x 10" 6 

1 0 116 1 3 x 10"* 
2 0 925 2 1 x 10" 3 

4 7 39 3 3 x 10" 2 

6 25 0 1 7 x 10" 1 

8 59 2 5 3 x 10" 1 

10 115 6 1 3 

_ 2 

A photon energy of 3 x 10 eV corresponds to the experimental threshold for H 2 

desorption from cold metal surfaces 2*. In the case of leaks, adsorbed He and/or condensed 
air may be present on the walls of the vacuum chamber, for which the threshold energy and 
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desorption characteristics are not known. Gas desorption by photoelectrons from stainless 
steel would have a threshold energy of about 5 eV. Even on the assumption that the gas 
desorption rate from unbaked surfaces is proportional to the total radiation power (and 
neglecting effects due to the change of spectrum) the high linear pumping speed of 
- 10* l/(s-m) (N 2) provided by the cryosurfaces of the LHC will limit any pressure rise to 
values about 6 orders of magnitude lower than those observed in e*e~ machines (PETRA, for 
instance) and hence are completely negligible. 

iii) Ion-induced gas desorption 
Ions produced by the interactions of circulating protons with residual gas molecules 

will be accelerated towards the vacuum chamber wall by the positive beam potential. The 
resulting degassing may yield a finite pressure increase or trigger an avalanche process 
which finally results in a pressure runaway and in the loss of the beam. This process has 

2 5 - 2 7 
been studied thoroughly in the ISR 

The ISR 'cold-bore' section was run cold and unbaked for 19 days with circulating 
2 8 2 9 

beams of up to 38 A ; no pressure instabilities were noticed. In another experiment the 
specific desorption (n) was increased to 4 x 10* by condensing a few monolayers of H 2 on 
the cold section; also in this case the pressure was stable for circulating beams of 40 A. 
Since for the LHC the average beam current is 0.1 A and n < 100, a safety margin for H 2 

larger than 4 orders of magnitude exists for pressure stability even when taking into 
account the smaller radius of the LHC vacuum chamber compared with the elliptical ISR 
cold-chamber profile of 50 x 150 mm. In view of this large safety margin, considerations 
about the precise energy of the impinging ions or the values of ionization cross-sections 
do not present any practical interest. 

Also, He leaks will not affect the stability of the LHC pressure. The ISR test section 
I S 2 

was stable with a He coverage of 10 molecules per cm , i.e. much larger than the coverage 
in the LHC corresponding to 3 x 10" 1 0 Torr, and with beams 400 times more intense 3 0. 

Air leaks showed a different behaviour in the ISR 2 2. In experiments with condensed 
layers of air, pressure spikes were observed which were attributed to electrical breakdown 
across the condensed air layer as a consequence of its charging by impinging ions. Precise 
quantitative information on the process is still lacking; however, the obvious conclusion 
is to stress once more the importance of the leak-tightness of the LHC vacuum system. 

iv) Beam neutralization, electron clearing 
In a coasting proton beam, electrons created by ionization of the residual gas 

accumulate in the potential well of the beam and cause deterioration of the beam stability 
owing to the neutralization Q-shift or to coupled electron-proton instabilities. Electrodes 
for electron clearing are therefore required in the ISR. In a bunched beam machine, the 
electrons created by ionization of the residual gas experience the field of the repetitive 
passage of the bunches and may gain sufficient energy to reach the vacuum chamber. For the 
SPS Collider, this effect has been studied for the case of positive ions 3 1. For the present 
study of the LHC machine, this computation has been adapted to electrons in a bunched 
proton beam. The computer program assumes the creation of an electron at a given initial 
radial position, r 1, inside an 'ionizing' bunch of radius r b, and subsequently calculates 
the trajectory of the electron resulting from the kicks of successive bunches. Trajectories 
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may be confined to the beam or alternatively may lead to the vacuum chamber wall. In the 
latter case the electron is considered to be cleared. 

The result of the computation which applies to the case of magnetic field-free regions 
- 3 

is shown in Fig. 35. The value of the r.m.s. beam radius which has been used is 10 m. The 
minimum number of particles per bunch N f e necessary to clear electrons with initial radial 
positions rfl = r^ and r = O.lr^ is plotted as a function of the number of bunches k. Also 
shown are the lines corresponding to a constant average beam current of 1 0 - 5 and 10"* A. It 
can be seen that at k = 3564, about 10'* A are necessary in order to start clearing. Since 
the nominal current (86 mA) exceeds this limit by a large factor, self-clearing of the beam 
can indeed be expected. 

Further studies will be necessary, which include the effect of the magnetic field to 
see whether higher currents are required than in field-free regions. 

v) Electron multipactorina 
In the ISR a bunched-beam-induced pressure rise has been observed in a vacuum section 

made of aluminium. This effect has been attributed to electron multipactoring driven by the 
electric field of the passing proton bunches, and is described in detail elsewhere 3 2. The 
process is similar to the mechanism of beam self-clearing in so far as electrons receive 
repetitive kicks from the particle bunches and, if a resonance condition is fulfilled, 
these electrons may traverse the vacuum chamber between bunches with sufficient energy to 
liberate secondary electrons on the opposite wall. In the case that the over-all electron 
multiplication of this process is larger than unity, multipactoring occurs and the pressure 
in the system increases rapidly owing to electron-induced desorption. 

The threshold currents for multipactoring are in the range of beam currents foreseen 
in the LHC. Nevertheless, to decide whether multipactoring can occur, a more detailed 
analysis is required including, in particular, a good knowledge of the secondary electron 
yield from the cold vacuum chamber surface. Experience, not only from the ISR but also from 
laboratory experiments simulating the bunch-induced multipactor process, indicates that 
aluminium should not be used but rather a material having a lower secondary electron yield, 
e.g. copper. Further work will be necessary to study the effect of condensed gas on the 
vacuum chamber or to define a suitable method of surface preparation. 

2.5.4 Conclusions 
A cold vacuum system for the LHC is feasible and intrinsically simple. Its design is 

based on very long vacuum sectors at liquid-helium temperature with only little external 
pumping added in the form of sputter-ion pumps at intervals of 80 m. 

Upon cooling the magnets, an ultimate pressure much lower than that required on the 
basis of beam life-time considerations will be achieved inside the unbaked vacuum chamber. 
This pressure will be stable in the presence of circulating beams, and the pressure rise 
produced by synchrotron radiation will be negligible. The validity of these conclusions is 
independent of the vacuum chamber diameter in the range between 20 and 40 mm. 

Although carried out so far only in the approximation of vanishing magnetic field, 
calculations show that bunched stored beams will not suffer from neutralization by 
electrons, and consequently that clearing electrodes are not required. Whilst favourable in 
this respect, bunched beams may produce multipactoring, and this fact strongly favours 
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copper over aluminium as material to be used for inside coating of the vacuum chamber 
because of its lower secondary electron yield. 

2.6 RF system 
2.6.1 Basic parameters and assumptions 
The synchrotron radiation loss at 8.2 TeV amounts to 13 keV per revolution. This 

presents no problem at all provided the beams are kept bunched. 
It is generally assumed that high-field superconducting magnets such as proposed for 

the LHC can be ramped to maximum field in a time of the order of 10 min. A linear accele
ration from 0.45 TeV to 8.2 TeV in 10 min would require an energy gain per revolution of 
1.1 MeV. Since it seems very undesirable that the maximum rate of acceleration in this 
machine should ever be limited by the RF system, we propose to design the system in such a 
way that, say, 2 MeV per revolution can be guaranteed. For the parameters that we shall 
tentatively choose, this is no limitation. 

In agreement with the general parameters adopted for this study, we assume a total 
average current of 0.1 A per beam and hence a peak RF component 

I = 0.2 A per beam 
Rr 

This assumption is an important one as it will, to a large extent, determine the installed 
RF power. It seems desirable, however, to design the RF system in such a way that later 
extensions to higher values of beam current will not be too difficult. 

In a pp single-ring collider a common RF system for both beams would be used. In pp 
twin rings this is undesirable. Firstly, coupling beams (which are exposed to separate 
magnetic field perturbations) through a common RF may lead to additional RF noise problems. 
Secondly, threading separated beams off-centre through a common cavity exposes them to 
magnetic deflection, beam-driven and external. For these reasons we propose the use of 
completely separate acceleration systems for the two beams. At the assumed beam separation 
of 180 mm or less, this requires specially designed cavities, as shown below, at not too 
low a frequency. 

For the LHC we would have preferred to use the same frequency — 352 MHz — as for 
electrons and positrons in LEP. This choice would seem desirable for several reasons: 

i) Much or all of the LEP hardware for generating and distributing RF power can be used 
for the LHC. In a pp machine this would also be true of the cavities. 

ii) At (or in the neighbourhood of) the LEP frequency, RF power can be made available at 
low capital cost, from very high power klystrons, to deal with the reactive beam 
loading. Moreover, this installed power can be readily increased in stages should the 
beam current increase during development. 

iii)The shunt impedance of normal-conducting separate cavities at 165 to 180 mm 
beam-spacing would become unacceptably low at much lower frequencies. 

iv) Using the same frequency for electrons and protons in the LEP tunnel makes it possible 
to collide these beams with a very large number of bunches. More generally the choice 
of identical frequencies guarantees greatest simplicity in obtaining ep collisions. 
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The choice of the LHC frequency is, however, restricted by requirements connected with 
the transfer of bunch trains from the SPS to the LHC and from the PS to the SPS, as 
discussed in subsection 2.7. For a relatively low total number of LHC bunches (not much 
more than 500, say), single-bunch transfer is possible from the PS to the SPS. Under this 
condition the choice of 352 MHz with 540 bunches in the LHC is indeed a possible one. The 
resulting RF system would be very similar to the one described below. However, to permit 
proper transfer of a substantially larger number of bunches, it is tentatively proposed to 
use 

400.8 MHz, 

i.e. twice the present SPS frequency, in the LHC. As explained in subsection 2.7, this 
choice yields a large number of possible values of bunch spacing ranging from 5 ns to more 
than 100 ns and satisfies at least points (ii) and (iii) above. Moreover, part of what is 
said under (i) remains true, since very little development cost and effort will be needed 
to scale the existing klystron designs to 400 MHz, and no change is required to the 
klystron power supplies and high-voltage equipment. 

In order to obtain a good intra-beam scattering lifetime*, we propose to blow up the 
bunch area from the SPS value of about 1 eV-s to 2.5 eV-s during acceleration and to keep 
the latter value for colliding beams at 8 TeV. To ensure a good lifetime against RF noise 
excitation, we propose to design the RF system for a bucket area of 7.5 eV-s (for stored 
beams at 8 TeV). At 400 MHz and a momentum compaction of 4.11 x 10'*, this leads to the 
requirement of 

peak RF voltage per revolution and per beam. 
3 2 

It can be shown that, generally, an installed RF power given approximately by 
P = —— I V g 2 RF RF 

must be made available. This generator power must be controlled in amplitude and phase from 
beam-derived signals in order to cope with transient beam loading, which will occur owing 
to non-uniform distribution of charge around the circumference, injection transients, or 
beam instability. For the assumed beam current and the chosen RF voltage this minimum 
generator power amounts to 

P - 1.6 MW. 9 

It can be made available from klystrons without difficulty. The beam loading presents a 
complex and variable load to the generator. However, at the frequency chosen it is easy to 
protect the generator by means of a ferrite circulator which deviates the reflected power 
into a dummy load. 

* Namely e-folding times of 64 h for transverse emittance and 137 h for the longitudinal 
one (at 8.1 TeV, for 3564 bunches), to be compared with 16 h and 8 h radiation damping 
times, respectively. 
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2.6.2 Accelerating S t r u c t u r e and high-power RF 
The problems of building accelerating cavities for separate but closely spaced beams 

3 3 

have been discussed elsewhere . We assume 165 mm or 180 mm beam spacing. To place cavities 
side by side at this spacing of axes seems excluded (as well as common cavities at the 
mode), and letting beams pass off-centre would lead to magnetic deflection. However, if the 
cavities for the two beams are staggered along the circumference 'septum cavities', as 
shown in Fig. 36, become possible. With 165 mm beam separation and 35 mm beam aperture the 
performance is quite satisfactory. Computations by SUPERFISH3* give a shunt impedance 
(voltage squared over power) of 

7.0 HQ per cell, 

including an assumed reduction to 85\ of the theoretical value for copper, to allow for 
coupling slots and other losses. The corresponding unloaded Q-factor is 1.7 x 10*. With 
180 mm beam spacing and 50 mm beam aperture the figures are 6.9 MQ per cell and 1.8 x 10*; 
that is to say, they are nearly the same. 

The minimum total structure length will be limited by the maximum tolerable dissi
pation per cell. A tentative choice may be eight five-cell ir-mode cavities per beam, giving 
1.05 MV/m accelerating gradient and a dissipation of 22 kW per cell. A preliminary analysis 
has shown that this is possible, with direct water-cooling of the inner conductor. With 
this choice the total active structure length per beam is 15 m and the total dissipation 
per beam is 890 kW. The corresponding total impedance is close to the optimum32 and the 
required generator power is approximately 1.6 MW. Two LEP-type klystrons (1 MW nominal 
output, 1.1 MW test power at present) per beam are more than sufficient. 

Thus the grand total for both beams is 30 m of active structure length and four 
klystrons , each klystron feeding four five-cell cavities through two stages of hybrid 
dividers. If, at a later time, it should become necessary to cope with a larger beam load, 
the number of klystrons can be doubled, without any change in the accelerating structure, 
by removing one stage of hybrid dividers. In a situation where the purpose of most of the 
generator power is to cover transient beam loading, it is very desirable to insert a 
ferrite circulator between generator and cavities. The circulator deviates the reflected 
power into a dummy load. For our choice of parameters this is easily possible (in fact a 
352 MHz, 1 MW circulator was developed and tested during the LEP study phase). 

To cope with the beam loading we propose to use a 'feed-forward' scheme. A signal 
derived from a beam pick-up electrode is passed through the main amplifier chain and fed 
into the cavities at an appropriate time delay so as to compensate the RF beam current in 
phase and amplitude. Such a scheme has been used for the CPS35, ISR36 and, in a modified 
way, in the SPS37. The loaded Q-factor of the cavities is only about 8500, i.e. their 
bandwidth is about 40 kHz and the filling time (for the electromagnetic field) about 8 ps, 

* For comparison it may be noted that in Phase 1 LEP will be equipped with 272 m active 
length of structure and 16 klystrons. 
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which is short compared with the revolution period of 89 us. Therefore, the feed-forward 
chain up to the cavity input has to be relatively fast. The klystron bandwidth of at least 
1 MHz (specified for 1 dB drop in output power) is well suited for this. 

2.6.3 RF noise and multibunch instabilities 
As shown by experience at the SPS, beam diffusion due to RF noise is of concern for 

hadron colliders. Compared with the case of the SPS where RF noise-limited lifetime is in 
the 100 hours range 3 8, the situation in the LHC will be different owing to the smaller 
synchrotron frequency (20 Hz compared with 180 Hz) and the larger number of bunches (3000 
or more compared with 3 to 6 per beam). 

For a given electronic noise spectral density, the equilibrium lifetime is inversely 
proportional to the square of the synchrotron frequency 3 8. A large factor is therefore 
gained on the RF noise-limited lifetime because of the low synchrotron frequency in the 
LHC. The two important contributions to the electronic noise are the noise of the main 

3 B 
phase discriminator and that of the slow-frequency loop . Although the measured phase 
discriminator noise increases slightly at low frequency, this effect is far outweighed by 
the decrease of the synchrotron frequency. 

The contribution of the frequency loop is related to the spectral purity of the 
reference generator and to the cut-off frequency of the loop. Magnetic field noise can be 
assumed to be unimportant owing to the very long time constant of the superconducting 
magnets. Unless one considers very low modulation frequencies (below 1 Hz), the frequency 
noise of high-quality signal generators is approximately constant (phase noise falls at a 
20 dB per decade rate). Consequently, the contribution of the frequency loop is governed by 
the ratio of the loop cut-off frequency to the synchrotron frequency. This ratio is more 

3 9 

favourable for the LHC case than for the SPS (for the same radial and phase errors) 
At multiples of the revolution frequency, the noise generated in the RF system is 

likely to be very small owing to the narrow bandwidth of the accelerating cavities. In 
conclusion, the beam lifetime should not be limited by the noise of the main RF system. 

Following the experience of the SPS Collider where individual damping of bunches 
(dipole and quadrupole) is provided, we propose also to damp the LHC bunches individually. 
Even if the bunches are made stable at the start of a coast, experience shows that slow 
instabilities may develop later on, leading to a large blow-up of longitudinal beam 
emittance. With a much larger number of bunches, the risk of coupled-bunch longitudinal 
instabilities will be higher, and even if Landau damping is calculated to be sufficient to 
keep the beams stable, it would nevertheless seem wise to consider independent damping at 
the initial stage of the design. 

Real-time digital techniques already offer simple and economic solutions for this sort 
3 7 

of problem . It is very likely that, in the future, beam feedback will rely more and more 
on the rapidly evolving digital technology. The drawback of digital processing is that it 
introduces quantization noise into the system [r.m.s. relative amplitude = 2 //3, where B 
is the number of bits* 0]. For phase damping, one can calculate 4 1 the corresponding equi-

2 B librium lifetime as a function of B (T •» 40 x 2 s for the LHC). The result shows that eq -
seven bits are sufficient to ensure a comfortable lifetime. 
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RF feedback at multiples of the revolution frequency will also be useful for damping 
injection oscillations. For this application the required bandwidth is only a few times the 
revolution frequency (injection of long batches from the SPS), and the main RF system will 
be used with the advantage that there is almost no power limitation. 

For bunch-by-bunch damping, however, the required bandwidth is of the order of the 
inverse of bunch distance, and a special broadband cavity should be used. One may consider, 
for instance, a 400 MHz travelling-wave structure. The required power is determined by the 
quality of the detection of bunch oscillations, or, in other words, by the quantization 
noise* 1. The broad-band voltage to be delivered by the damping system is of the order of 

g 

V R F / 2 , which, for B = 8, leads to about 50 to 100 kV per turn over a maximum bandwidth of 
- 30 MHz for a 30 ns bunch-to-bunch distance. The high-power part of the damping system can 
be conveniently split into several frequency bands, especially if the machine has to be 
operated with a large number of bunches. 

2.6.4 Alternatives 
The proposed RF frequency with all the advantages offered by an already existing 

technology is also the result of a compromise between the heat losses in the cold vacuum 
chamber (worse for short bunches) and the excitation of synchro-betatron resonances if the 
beams cross at an angle (worse for long bunches). Should a more refined study of these two 
effects point towards a somewhat different RF frequency, other alternatives could be 
envisaged. 

Superconducting cavities ' have been considered. They could benefit from the 
cryogenic power already installed for the magnets. The degradation of shunt impedance at 
small cavity diameters is insignificant for superconducting cavities. Gap voltages of 
0.5 MV per cell with losses of the order of 1 W can be obtained, which lead to an 
attractive structure length for the total voltage required. The installed RF power would be 

3 2 

determined by transient beam-loading compensation and acceleration rate. A solution with 
superconducting cavities looks especially interesting if a low RF frequency is to be 
preferred, because the required RF voltage, and hence the RF power, are considerably 
smaller for a given longitudinal acceptance. To illustrate this point, a 100 MHz 
superconducting system could consist of eight single-cell cavities and 200 kW available 
power per beam, this power being used for acceleration and to cope with the rapidly 
changing beam loading. 

2.7 Injection, beam transfer and beam dumping 
2.7.1 Injection 
This subsection describes the injector chain along general lines with main emphasis on 

proton beam transfer schemes and bunch handling. The path the antiprotons would take 
through the machines is also shown. Required modifications and additions to the existing 
machines are discussed. The basic layout of the injection system in the straight section of 
the LHC is given, where care has been taken to make it compatible with a high-energy 
physics experiment in the same straight section. Although not all hardware implications 
have been studied in detail, the feasibility of the whole scheme has been well established. 
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i) Description of the injector chain 
The existing CERN 450 GeV proton synchrotron (SPS) will be used as the injector for 

the LHC. It can provide proton bunches containing more than 1 0 1 1 particles and it can cope 
1 3 . 

with a total number of particles exceeding 3 x 10 . Its typical repetition time is about 
10 s, which makes it easy to provide, in a very short time, the particles required per LHC 
ring. 

Figure 37 gives the position of the SPS relative to the LEP tunnel, which will house 
the LHC. The injector of the SPS,the CERN 28 GeV proton synchrotron (PS), is also shown 
with the existing beam transfer channels linking the two machines. 

There are two variants to transfer the beam from the SPS to the LHC, as shown in 
Figs. 37 and 38. The first variant implies the construction of two relatively long tunnels 
from the ejection point in straight section LSS4 of the SPS to straight sections 1 and 8 of 
the LHC. The second variant uses much shorter tunnels from two SPS ejection points (LSS1 
and LSS5) to straight section 1 of the LHC but needs polarity reversal of the SPS. No 
polarity reversal is foreseen for the PS, but a simple junction between TT10 and TT60. 
These variants are described later in more detail. 

ii) Beam transfer and bunch disposition 

Since the circumference ratio LHC/SPS is 27/7, the LHC can be filled by four SPS 
pulses. Each SPS pulse consists of a bunch train which is added behind the preceding one 
already circulating in the LHC (box-car stacking). The bunch train is ejected from the SPS 
and injected into the LHC using fast deflecting kicker magnets. The bunch-to-bunch distance 
is too small for the kicker field to rise between two bunches at this energy. It is 
proposed to leave an azimuthal gap of 0.5 to 1 us in the SPS beam so that the kicker 
field (ejection SPS, injection LHC) can rise in this gap without disturbing the preceding 
bunch, and provide full field for the first bunch to be deflected. Thus the LHC beam will 
eventually have four gaps as shown schematically in Fig. 39. Since the heads of these four 
bunch trains are equidistant and spaced by one quarter of the LEP circumference, collisions 
at all eight interaction points will occur as required. The last gap must be about 2 us 
long, leaving enough time for the beam-dump kicker field in the LHC to rise without 
deflecting particles onto the septa. This time interval is longer because this kicker 
magnet must cope with the highest energies (see subsection 2.7.2). The long gap also 
accommodates the fall-time of the LHC injection kicker after injection of the last SPS 
pulse. For the other SPS pulses, the kicker field falls in the time interval which 
corresponds to the still-empty position of the next pulse to be injected. 

If the bunch spacing is very narrow, gaps of about 100 ns must also be left for the 
response-time of the kickers used during the transfer from the PS to the SPS. Thus in this 
case the bunch train in the SPS will have 10 small gaps in addition to the gap for the 
transfer from the SPS to the LHC. These 100 ns wide gaps, equidistant within the bunch 
train, are not indicated in Fig. 39. 

The luminosity suffers only negligibly from these gaps in the beam, which correspond 
to less than 10% of the circumference. Increasing the number of particles per bunch by only 
5\ would compensate the loss of these few bunches. The gaps provide periodic pauses for the 
detector, which may be useful for fast tests and check of the equipment. 

The bunch spacing within a train can be adjusted over a sufficiently wide range by 
suitable filling of the SPS. Only certain discrete values of bunch spacing are possible 
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because the spacing must be a multiple of the RF wavelength in the LHC and the SPS. 
Furthermore, the choice of this multiple must be such that the PS RF system forming pieces 
of the final bunch train will operate with an integral harmonic number. 

For practical reasons, it would be preferable to have the same frequency in the LHC as 
in LEP (352 MHz) (see subsection 2.6.1). Unfortunately, this frequency would not allow for 
more than 540 bunches in the LHC. The nearest optimum value is 400.8 MHz corresponding to 
the harmonic number 35640 and being exactly twice the frequency of the SPS, which operates 
with the harmonic number 4620. With this frequency combination a wide choice of possible 
bunch spacings T^ is obtained, as can be seen from Fig. 40. The nominal value for pp 
operation is 25 ns, corresponding to 3564 bunches if the LHC were filled without any gaps. 

For pp operations, less bunches are needed in the LHC and the bunch spacing is 
wider. If the bunches are separated by more than about 150 ns, individual bunch transfer 
between the PS and the SPS becomes possible and the train with the proper bunch distances 
can be formed in the SPS. This adds a number of possible values for T x shown in Fig. 40 as 
dashed lines. 

If the bunch-to-bunch distance is equal to or larger than 100 ns, the existing tunable 
PS RF system can produce the required sub-trains of bunches, which are then stacked in the 
SPS in box-car fashion. However, for each bunch spacing less than 100 ns, a different, 
dedicated RF system is required in the PS. The only exception is = 5 ns, where the 
existing 200 MHz system is used. Thus the value of T x cannot be changed at short notice. 
Each dedicated RF system would occupy one or two straight-sections of the PS and, 
therefore, the flexibility for changing the bunch spacings is much reduced, given the 
limited space in the PS. In order to handle individual bunches in sparse bunch trains and 
to avoid gaps in excess of 100 ns in dense bunch trains, a new SPS injection kicker is 
required in all cases. 

The bunch transfers corresponding to the two nominal cases (see Section 1), T x = 25 ns 
for pp and T x = 820 ns for pp, are discussed in more detail because they are typical. 

In the case of T x = 25 ns, a bunch train is formed at top energy in the PS by a 
dedicated RF system operating at 40.1 MHz. There the beam is debunched, rebunched, and each 
of the 84 bunches is compressed in length to fit into the 200 MHz buckets of the SPS. After 
box-car stacking of 11 PS pulses in the SPS, the beam consisting of 924 bunches (gaps 

1 3 

ignored) is accelerated to 450 GeV and the about 10 protons are then transferred to the 
LHC. This is repeated four times. The filling process takes less than 1.5 min per LHC ring. 

For T x = 820 ns, the bunch-to-bunch distance is sufficiently big that the bunches can 
be treated individually at the SPS injection energy by the PS ejection and SPS injection 
system provided that the response time of the SPS injection kicker is improved. The SPS is 
filled by a few PS pulses yielding 28 bunches in total (gaps ignored). By suppressing some 
of the bunch transfers the desired gap is created in the SPS. After acceleration to 450 GeV 
the beam is injected into the LHC. After four SPS pulses, one LHC ring is filled. 

iii) Modifications and additions to the PS 
The PS complex is easily adapted to its new function as the LHC particle source. In no 

case is polarity reversal required, since a relatively simple junction between TT10 and 
TT60 allows easy injection of protons, in both directions, into the SPS. The normalized 
transverse beam emittance assumed in this report e = 5 n um (see subsection 2.1) is based 
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on actual measurements. The main modification would be the addition of dedicated RF systems 
in the range between 13 and 100 MHz in order to generate dense bunch trains. These RF 
systems would occupy one or two short straight sections. For the bigger spacings, the 
existing equipment can fulfil the requirements. 

iv) Modifications and additions to the SPS 
In the first of the two considered variants for beam transfer (Fig. 37) the protons 

circulate in the usual clockwise .direction. Apart from the modification to the injection 
kicker, as discussed before, the only major addition to the SPS is the installation of a 
new extraction system in LSS4. 

In variant 2 (Fig. 38), the protons circulate in the anticlockwise direction when 
transferred to LHC ring 2. For this, the following modifications and additions are 
necessary: 

polarity reversal of the SPS main dipoles and quadrupoles (the correction elements are 
already equipped with bipolar power supplies); 
a new beam transfer line linking TT10 with TT60 for injection in anticlockwise 
direction in LSS6; 
polarity reversal of the existing proton extraction (antiproton injection) channel in 
LSS6 and a new injection kicker; 
two new extraction systems in LSS5 and LSS1; 
a new beam-dumping system for the anticlockwise circulating beam. 
The operation of the SPS at two polarities is feasible. It requires extra time for 

adjustments and will therefore lengthen the over-all LHC filling procedure. The 
implementation of the fast extraction systems in LSS4 and LSS5 is straightforward. However, 
the extraction in LSS1, as required for variant 2, implies major changes to the present 
injection and beam-dumping system. 

v) Beam transfer lines. SPS to LHC 
As shown in Figs. 37 and 38, both variants require the construction of two new beam 

transfer lines between the SPS and the LHC. In variant 1.the two lines start at LSS4 and 
end at two different intersection points, P8 and P1. In variant 2, they start at two 
different straight sections, LSS5 and LSS1, and both end at P1. The basic characteristics 
of these beam lines are given in Table 18. 

The total length and deflection of the beam lines in variant 1 is about twice that in 
variant 2. However, determined by the relative position of the SPS and the LHC, the maximum 
possible radius of curvature of the tunnels in variant 1 is such that conventional magnets 
could be used. This option is interesting since these beam lines are in use only during the 
short intervals of LHC filling. The conventional magnets can be switched off most of the 
time and are therefore not consuming energy. The use of superconducting magnets, compulsory 
in variant 2, might be difficult because of the slope of the transfer tunnels which, in 
variant 2, is of the order of 12%. A final choice can only be made when detailed cost 
estimates are available. The possible price advantage of the shorter transfer lines in 
variant 2 might well be compensated by the considerably lower cost of the SPS modifications 
and additions in variant 1. 
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Table 18 

Beam lines between the SPS and the LHC 

Variant 1 Variant 2 
(LSS4 -» P8, P1) (LSS5, LSS1 -» P1) 

Total length (km) 2 x 2 2 x 1 

Total deflection (deg.) 120, 105 2 x 60 

Difference in height (m) 61, 43 43 

Max. radius of curvature (m) 850 400 

vi) Injection into the LHC 
In variant 1 the injection takes place at P8 and P1; in variant 2, both beams are 

injected at P1. Since P1 and P8 are likely to house experiments, it is essential that a 
scheme is found which is compatible with the detector. First studies of the intersection 
region, comprising a low-ß focusing scheme and the beam recombination, have shown that this 
is indeed feasible. Sufficient space is available for the injection elements. In order to 
avoid that the injection line traverses the detector, it is assumed that the injection 
takes place upstream of the intersection point. This is illustrated in Fig. 41, which shows 
the position of the main injection elements, a full aperture kicker, a string of septum 
magnets, and a collimator to protect the downstream superconducting magnets from beam loss 
due to injection errors. It is assumed that the kicker has a bending strength of 1 to 2 T-m 
and a pulse shape as specified before. In order to avoid blow-up of the extremely small 
beam emittances, the injection must be very precise and stable. 

Because of the horizontal separation of the two LHC rings, at first sight it seems 
advantageous to inject in the horizontal plane. However, other variants and the possible 
use of steel septum magnets must be studied before arriving at an optimum proposition. 

vii) Transfer of antiprotons 
As discussed in Section 1, pp operation is possible in the pp Collider, either using 

the two channels at a lower field level or using only one channel with a reduced number of 
bunches. 

If transfer variant 1 (Fig. 37) is chosen, it is necessary that also the antiprotons 
circulate in the clockwise direction in the SPS. This requires polarity reversal of the SPS 
and injection of antiprotons in LSS1. For the latter, a new beam line linking the PS/SPS 
antiproton transfer line TT70 with TT10 must be built. Part of TT10, the injection system 
in LSS1, as well as the extraction in LSS4 and one of the two SPS/LHC transfer lines, must 
be able to handle both kinds of particles. In the two-channel option, one of the two LHC 
injection systems must operate at two polarities; in the one-channel option one additional 
injection system is required. 

In variant 2 (Fig. 38) the transfer of antiprotons is easier since they circulate in 
the SPS in their normal anticlockwise direction. Here the only new feature is that the 
extraction in LSS1 and the transfer line to the LHC must have the possibility of polarity 
reversal. In the same way as for transfer variant 1, in the two-channel option one of the 
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LHC injection systems must be able to operate at two polarities, and in the one-channel 
option one additional injection system is required. 

2.7.2 The beam-dumping system 
i) Conceptual design 
The beam circulating in one of the two LHC rings has a stored energy of up to 120 MJ 

when the LHC operates at 8 TeV at the beam-beam limit with 9 x 1 0 1 3 particles in 3564 
bunches. The local loss of only a very small fraction of this beam (» 10" 7 at top energy, 
see subsection 2.8.4) will be sufficient to induce a quench in one of the superconducting 
magnets, with the ultimate consequence of the loss of the whole beam and serious damage to 
equipment. Therefore it is essential that a system exists which can safely and cleanly 
dispose of the beams not only at the scheduled end of a run but also at any time when beam 
loss due to any kind of machine failure is expected. Such a system will basically consist 
of two parts: a beam monitoring and hardware surveillance system which can detect any 
abnormal behaviour leading to the eventual loss of the beam; and a beam-dumping system 
which, after having received a trigger, can dispose of the beams before the loss occurs. 
The latter system must be designed in such a way that it can cope with the extremely high 
beam energies, and that it can operate reliably and cleanly enough to not provoke, by 
itself, either quenches or damage. 

The most efficient solution of this problem, if not the only possible one, is to 
extract the beam over one single turn and to transport it to an external absorber 
positioned sufficiently far away from the Main Ring. The basic elements will be a 
fast-rising, full-aperture kicker, a series of septum magnets, and a beam transport channel 
leading to the external absorber. The concept of an internal dump, as used for example at 
the SPS, where the absorber is placed at the limit of the machine aperture, would not be 
feasible. The size of the circulating LHC beam is so small (o < 0.3 mm at top energy) that 
no solid absorber material would resist the resulting energy deposition densities. Once 
extracted from the machine, as proposed, the beam size can in principle be increased to any 
value by simply letting it drift over a sufficiently long distance. This distance can be 
reduced by the use of additional magnetic elements such as defocusing quadrupoles or 
various types of pulsed dipoles. 

This principle of extracting the beam is used at the FNAL Tevatron and is also adopted 
for the Superconducting Super Collider (SSC). In the proposal for HERA, which is supposed 

1 3 
to operate at 0.82 TeV and with 7 x 10 protons, an internal dump was shown to be still 
feasible. 

A loss-free extraction requires that the kicker rises to nominal field between the 
passage of two consecutive bunches. At the nominal number of bunches, i.e. 3564, 
corresponding to a distance of 25 ns, this would be entirely unrealistic. It will therefore 
be necessary for a gap to exist in the train of circulating bunches, and for the kicker to 
be fired in synchronism with it. For a kicker design that is reasonable in cost, size, and 
complexity, a beam gap of about 2 ps, having a still negligible effect on the luminosity, 
should be assumed. 

The delay between the detection of an emergency situation and the actual start of the 
extraction should be kept small. Its minimum value is given by the signal transmission over 
at least one half of the ring, by the signal processing, and by the time elapsing until the 
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next arrival of the beam gap at the kicker. This all adds up to about 150 us, which seems 
fast enough to compete with the expected rates of beam deterioration due to equipment 
failures or to the known beam instabilities. 

Since the beam dumping can take place at any moment in a machine cycle, the extraction 
elements must track in energy with the Main Ring, and they must have an aperture 
corresponding to the full machine acceptance. 

In the (hopefully) very rare event of the dumping system being in default, and to 
avoid the necessity of having to install an identical stand-by system, it might be prudent 
to foresee a back-up procedure where the beam loss and the unavoidable damage is restricted 
to a 'warm' and easily accessible and repairable part of the machine. 

ii) Layout of the extraction system 
The design of an extraction system for beam dumping should aim at simplicity and 

reliability. This will be achieved best by minimizing the number of active elements and 
operating them at conservative ratings. In order to arrive at an optimum solution, several 
variants must be studied in detail. These variants can use horizontally or vertically 
deflecting kickers together with current or steel septum magnets, the latter acting either 
on the extracted or on the circulating beam. As the time was too short for such a complete 
study, only a few examples were examined, mainly to understand the requirements for 
straight-section space. 

A first conclusion drawn from this preliminary study is that it appears impossible to 
extract from a straight-section where an experiment is installed. The space left between 
the recombination dipoles and the arc is too restricted for kicker and septa to be placed 
with sufficient drift space in between and downstream to deflect the beam out of the 
machine. Also, the beam optics made for low-ß's at the interaction point but with extremely 
high ß-values elsewhere is not suitable for an extraction. Extracting from the upstream 
half of the straight section and towards the experiment is generally not recommended. Also, 
it does not provide more drift length since, because of the geometry of the LEP tunnel, it 
is not possible to displace dipoles in the arc in such a way that the kickers could be 
installed in an upstream position so that the septa could be placed immediately at the 
beginning of the straight section. 

Thus the question whether one or two straight sections should be dedicated to beam 
dumping cannot be answered definitively at this stage. It is related not only to the 
extractions but also to the beam transfer to the external absorber. 

Concerning the extractions, it should be possible to install the two systems in a 
single straight section provided the crossing of the inner with the outer ring, which 
normally would take place at all eight straight sections, is suppressed. If suppressed in 
one straight section it must also be left out at a second one. This, however, seems to 
cause no restriction since it is possible to imagine a layout of an interaction region 
where the two beams are brought back to the same side from where they were entering the 
straight section. 

The reason for dedicating two straight sections for beam dumping might come from the 
beam transport. In order to blow-up the extracted beam to a size acceptable by the 
absorber, it must be transported over several hundred metres far beyond the end of the 
straight section. The absorber would best be placed in a separate tunnel or in an 
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enlargement which can be well separated and shielded from the machine. If the two 
extractions take place in one single straight section, the beam extracted from the inner 
ring will come into conflict with the arc of the machine. Additional strong horizontal 
and/or vertical deflections are necessary and no convincing solution to this problem 
exists. Therefore, at this stage it is safer to assume that the extractions take place in 
two different straight sections and always from the outer ring. 

Two extraction schemes have been studied in some detail. They are shown in Figs. 42 
and 43. The scheme of Fig. 42 follows an idea of FNAL and uses vertically deflecting 
kickers and steel-septum magnets acting on the circulating beam and forming, together with 
two other dipoles placed at the upstream and downstream end of the straight section, a 
triangular orbit bump. The other scheme, shown in Fig. 43, is based on horizontally 
deflecting kickers and current septum magnets. Both schemes assume a lattice insertion 
which provides a quadrupole-free section of the order of 350 m. The kickers are assumed to 
operate at a peak magnetic field of 0.3 T, resulting in a system length of the order of 
35 m; the steel septa operate at 1.0 T (system length about 65 m ) , and the copper septa at 
1.2 T (system length about 40 m ) . For simplicity, at this stage of the study, only one type 
of current septa is assumed. 

The scheme using steel septum magnets has the attractive feature of directing the beam 
away from the downstream superconducting magnets when not extracted correctly, e.g. because 
of wrong timing or other errors in kicker operation. The use of steel septum magnets has 
the additional advantage that they consume considerably less power than the current septum 
magnets. This is important since these magnets have to be energized all the time. 

In Figs. 42 and 43 only the main elements are shown. The layout must be refined by 
arrangements of collimators to prevent damage to septa or quenching of the downstream 
superconducting magnets. Also, orbit-manipulating dipoles might be useful for reducing the 
kicker angle at higher energies where the machine aperture is reduced. 

A tentative layout of a scheme with two extractions in one straight section is shown 
in Fig. 44. As mentioned earlier, such a scheme is of interest only if a solution to the 
problem of transporting the beam extracted from the inner ring to the external absorber can 
be found. 

iii) The absorber 
The energy deposited in the core of the absorber during the time of one machine 

revolution (90 usee) causes a quasi-adiabatic temperature rise. For cooling down, a 
relatively long period determined by the minimum cycle time of the LHC is available. 

A number of different designs for the absorber can be envisaged. For the present study 
we assume a design similar to that used for the external dumps at the SPS, which seems to 
be entirely feasible. The principle is shown in Fig. 45. Graphite is the main absorber 
material because of its low Z, its small density, and its excellent thermal shock resist
ance. In order to reduce the over-all length and width, heavier materials such as aluminium 
and iron are placed around and behind the graphite core where the energy deposition densi
ties are decreased. The dimensions shown in Fig. 45 are only indicative; no detailed calcu
lation of the development of the cascade and of the over-all efficiency has yet been done. 

Computations of the energy deposition densities in graphite and aluminium along the 
axis of an incoming proton beam of 10 TeV have been made (see Fig. 47, subsection 2.8). It 
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is apparent that in the case of graphite, the beam must be blown up to about o = 10 mm in 
order for the graphite to stay below the cracking temperature of 2300 *C. If aluminium 
were chosen as central absorber material, the beam would have to be blown up to about 
o = 30 mm for this material to stay below the melting temperature of 650 *C. 

2.8 Radiation protection considerations 
2.8.1 Introduction 
This subsection assesses the radiological consequences that are likely to arise should 

a 5-10 TeV hadron collider be installed in the LEP tunnel*. The radiological impact on the 
local environment has already been considered** and has shown only a small increase in the 
very small levels to be expected from LEP exploitation. Here, consideration is mainly given 
to radiation problems which have, as their consequence, exposure of CERN staff. Also, the 
implications for machine operation and the choice of materials and components are 
mentioned. 

Radiation Protection Policy for the LHC will be no less restrictive than the current 
CERN policy*5, thus full beam loss in an experimental area must not give rise to doses 
above the reference level (15 mSv/y), and any maintenance operation of the machine must be 
planned so as to remain within the same limit. 

2.8.2 Proton intensities and modes of operation 
Of the two hadron collider modes the proton-proton option is the most important for 

all radiological considerations because it operates with the highest average intensities. 
For the purpose of this subsection it will be assumed that each of the two proton beams 
contains 5 x 10 1 3 protons and that the highest energy is 10 TeV. 

Experience with existing high-energy accelerators has shown that the number of protons 
lost during injection and acceleration is generally smaller than the number of accelerated 
particles*6. Most losses occur at injection, but it will be assumed here that a total of 
10 1* protons will be lost at 1 TeV during these two phases. A further 10 1* protons at 
10 TeV will be directed onto the two dumps. For the present estimate, the minimum interval 
between refilling for the collider is taken to be 3 h. It is assumed that 3000 h/y are 
available for colliding beam experiments. To this, we must add about 500 h of machine 

1 3 

development (MD) time, where a loss of 5 x 10 protons at 5 TeV will include injection, 
acceleration, and deliberate dumping of one beam at a time. Here the losses may occur in 
the accelerator structure or on one of the dumps. Finally, the fastest acceleration time 
envisaged for superconducting magnets is taken to be 10 min, giving a minimum cycling time 
(especially during HD) of 20 min. 

2.8.3 Prompt radiation 
i) Lateral hadron shielding 
In order to estimate the shielding requirements for the experimental areas of the LHC, 

two beam-loss conditions have been considered*7. The first, accidental, is the total loss 
of one beam at 10 TeV, such as would be produced by an object (a vacuum shutter) 

*) More details and references on the LHC radiation studies can be found elsewhere*7. 
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obstructing the vacuum chamber. The second condition, more representative of a routine loss 
situation, is a 1%. continuous beam loss during the injection-acceleration phase of 
collider operation (energy assumed, 1 TeV). The results given in Table 19 show that 
extending the currently accepted LEP shielding specification (x = 1 m, r = 5 m) for the LEP 
experimental areas and klystron galleries to the LHC situation would imply prohibiting all 
access to underground areas during operation. 

Table 19 
Dose equivalent and dose-equivalent rates for accidental 

and routine loss conditions 

Shield thickness x (m) 1 4 4 

Distance of closest 
approach r (m) 5 5 20 

Full loss of 5 x 1 0 1 3 p 
at 10 TeV (Sv) 11 0 03 2 x 10" 3 

1%„ loss of 
3 x 10 1 h" at 1 TeV 
(injection/acceleration) 
(Sv/h) 

6.6 x 10""4 1.4 x 10" 8 8.7 x 10' 8 

The dose due to a full loss could be brought down from a lethal level to below the 
legal yearly limit (but still higher than the CERN yearly reference level) by increasing 
the shielding to 4 m of concrete. However, an additional order of magnitude reduction could 
be obtained by increasing the distance of closest approach to 15-20 m instead of 5 m. 

It can be seen from Table 19 that a full beam loss is by far more important than 
continuous losses in determining the shielding configuration. The levels given in Table 19 
for the continuous loss for the last two shield configurations are small compared with the 
10" 5 Sv/h considered tolerable for experimental areas. However, the 1%„ continuous loss 
assumed here, although unlikely to be exceeded in most parts of the Main Ring without 
impairing operation of the superconducting magnets, will not necessarily be an upper limit 
in the straight sections around the experimental areas, where no bending magnets will be 
present and small aperture devices such as collimators or scrapers may possibly be in
stalled. In addition, a 1%„ loss assumption for the MD situation would imply radiation 
levels a factor of 50 higher. 

If underground areas are to be accessible during LHC operation, a reliable monitoring 
and alarm system must be designed, capable of detecting anomalous radiation levels even 
within a single long LHC cycle. 

ii) Muon penetration 
The LEP Main Tunnel will be built in a plane tilted by 1.5" relative to the horizontal 

plane. Therefore, the profile of the surface has been carefully examined in order to find 
possible areas (near lines tangential to the tunnel) which could be reached by muons. The 
shortest tangential distance to the surface from a LEP long straight section is 6 km, and 
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the shortest distance perpendicular to such a tangent is 30-35 m. Preliminary calcula
tions* 8'* 9 have shown that both the forward and the lateral shielding are more than 
sufficient to prevent muons from reaching the surface. 

2.8.4 Radiation heating 
i) Radiation heating in superconducting magnets 
Beam losses around the LHC during its operation have to be kept small owing to the 

limited capacity of the cooling system. A simple calculation illustrates the situation. 
During MD time, a maximum hourly loss of 1.5 x 1 0 1 5 TeV/h could occur. Assuming this beam 
loss of 66 kW to be evenly distributed over the entire ring, the power dissipated would be 
about 2.5 W/m. Whilst continuous small losses could be coped with by providing a sufficient 
reserve in the cooling system, some defined beam-loss points could lead to a localized 
deposition of energy which will increase the temperature above the critical value at which 
the magnet will quench. 

In a first approximation, the energy deposition and the compensation for temperature 
rises are considered to be adiabatic processes. The capacity to compensate energy 
deposition is called an enthalpy reserve. 

Experience at Brookhaven has suggested that the volume of interest is about 1 cm 3 and 
that a typical figure of 40 mJ/cm 3 can be quoted for the specific enthalpy reserve; this 
corresponds to a local energy deposition from beam losses of only 2.8 x 10 8 GeV/cm 3 S 0 . 

51 5 2 

Actual experiments were performed at Brookhaven and at FNAL in order to compare 
the theoretical calculations of energy deposition and enthalpy reserve with real situations 
(Fig. 46). The results show that the tolerable beam losses are higher than those predicted 
from the enthalpy reserve, which could suggest that heat transport processes are rapid and 
provide an extra security margin. 

In order to have an idea of the tolerable beam losses in the superconducting magnets 
of the LHC, Monte Carlo calculations were performed with FLÜKA82 5 3 for a possible LHC 
magnet structure with a cold bore of 40 mm diameter. Pencil-like proton beams of 450 GeV 
(injection energy) and 10 TeV hit the inner side of the vacuum chamber at a grazing angle 
of 7 mrad. The energy deposition was scored at the beam level and, at distances in 
multiples of 6 mm from it, in bins of 20 cm length. The highest energy densities found per 
proton were 1.5 and 50 GeV/cm 3 at 450 GeV and 10 TeV, respectively. These figures have to 
be compared with a maximum energy deposition of 0.5 GeV/cm 3 per proton at 400 GeV in the 
case of the ISABELLE superconducting magnets, as calculated with the program CASIM 5*. 

The calculated results must be placed in relation to the enthalphy reserve, where 
typical values are shown in Fig. 46. If the experimental value determined for an ISABELLE 
magnet, 1 J/cm 3, is assumed for the LHC dipole at 450 GeV, it could be no more than about 
one tenth at the maximum energy of 10 TeV. Hence in a first approximation, local instan
taneous beam losses should not exceed about 4 x 10 9 and 10 7 protons at 450 GeV and 10 TeV, 
respectively. 

It should be emphasized that these first estimates can only give the order of 
magnitude for eventually tolerable beam losses. More refined calculations will become 
possible when a more detailed design of the future LHC dipole exists, but it should already 
be said that it is of prime importance to avoid local beam losses in any future machine of 
TeV energies. 
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Ii) Heating bv beam-beam interactions 
The time taken for the circulating beams to decay to one-half of their original 

5 13 

intensity by beam-beam scattering is expected to be » 10 s. With an intensity of 5 x 10 
protons per beam assumed here, and if beam-beam scattering is confined to the interaction 
regions of the four experimental areas, about 400 J/s will be dissipated in each of the 
four experimental areas. If only 10°-. of this power of 400 W is dissipated in the two 
superconducting quadrupoles positioned close to the interaction region, about 20 W per 
quadrupole must be absorbed by the cold structure. 

This estimate shows that heating from beam-beam interaction must be considered in the 
design of the experimental areas and superconducting elements for low-ß insertions. The 
cooling systems should be designed to absorb a 'permanent' heat input of the order of 10 W 
at 4.2 K. 

iii) The beam dump 

One of the main problems at proton energies of 10 TeV will be beam dumping. Tentative 
schemes for beam dumping are presented in subsection 2.7.2. The high local energy depo
sition along the beam axis could cause thermal stresses in the dump material and could even 
lead to melting. Possible dump materials can be characterized by two temperatures: the 
'cracking' temperature above which thermal stresses become intolerable, and the melting 
temperature. The cracking and melting temperatures for graphite and aluminium are 
2300'C/3500*C and 557 ,C/660*C, respectively 5 5' 5 6. 

Assuming that the cracking temperatures limit energy deposition, the maximum value of 
13 13 3 

E, the tolerable energy deposition per unit volume, is 4 x 10 and 10 GeV/cm for 
3 

graphite and aluminium, respectively, or 0.8 and 0.2 GeV/cm per proton for a proton beam 
of 5 x 1 0 1 3 particles. These estimates are not very precise owing to uncertainties in the 
values of specific heat C p , both absolute and with respect to their temperature dependence. 

The maximum value of energy deposition for cascades induced by beams of 10 TeV protons 
in graphite and aluminium is shown as a function of beam dimension in Fig. 47. It is 
apparent that the standard deviation of the projected beam profile must be significantly 
larger than 6 mm for graphite or 20 mm for aluminium in order not to cause physical damage 
to the dump. 

2.8.5 Induced radioactivity 
i) Global radioactivity estimates 
The quantity of radioactivity in an accelerator structure is related to the total 

number of inelastic interactions which can be produced by a high-energy proton. Experience 
suggests that about 50% of all interactions give rise to a radioactive isotope with a 
half-life between several minutes and a few years. The saturation activity of these 
isotopes can be estimated for the present conditions of protons in the LHC assuming 
collider operation with 10 1* protons lost every three hours. The results are given in 
Table 20. 
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Table 20 

Estimated total induced radioactivity from LHC operation 
(total losses 1 0 1 7 protons in 3000 h of colliding-beam operation) 

Proton energy Total activity (TBq) 

450 GeV 2.3 

1 TeV 4.4 

5 TeV 18 
10 TeV 32 

At the SPS (fixed-target and colliding-beam operation) the number of lost protons is 
about 2-3 x 1 0 1 3 per year. Assuming that this loss occurs at the highest energy of 450 GeV, 
the total activity would be 190 TBq, a factor of 5 higher. 

ii) Remanent activity in the accelerator structure 
The surface dose rates due to remanent photon activity can be determined from the 

density of inelastic events (stars) near the surface of an accelerator component hit by the 
proton beam. 

The star density as a function of radius in an iron dump irradiated by 10 TeV protons 
is given in Fig. 48. The radial density at cascade maximum, some 80-100 cm into the block, 
and the longitudinally integrated star densities are given. These figures would suggest 
that a dump of 75 cm radius, irradiated under the MD conditions mentioned earlier, would 
give rise to a remanent dose rate of about 50 mSv/h. In the dump region, care must also be 
taken to use sodium-free aggregates for the concrete walls, otherwise dose rates from 
induced activity in the concrete would more than double this figure. Dose rates in the dump 
region are such that radiation-resistant components have to be used to avoid frequent 
repairs. In case of necessary maintenance work, quick connections and other provisions for 
reducing the dose have to be foreseen. 

On the assumption that the injection/acceleration losses at 5 TeV during MD were to be 
distributed uniformly over the 27 km of ring magnets (assumed to be 15 cm radius), the dose 
rate would be 250 uSv/h. A continuous point-like loss (difficult to support for a super
conducting structure) of the order of 1%. of the MD loss rate would lead to dose rates of 
5 mSv/h. 

iii) Radioactivity in soil, rock f and ground water 

Most of the radioactivity produced will be contained in the magnets, dumps, and other 
parts of the accelerator structure. The fraction of interactions occurring in the shielding 
surrounding an accelerator is here assumed to be 10%. 

For the structure, soil, rock, and ground water, long-lived isotopes are the most 
important and so the over-all annual loss rate of protons is relevant. The star production 
rate in soil, rock, etc., is thus 4.4 x 1 0 1 2 s _ 1 . 

The main radiological impact of activity created in soil, rock, and ground water is 
given by those radionuclides that can be leached out of the surrounding shield by ground 
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2 2 3 7 4 5 54 
water. These isotopes, in order of importance, are Na, H, Be, Ca, and Mn. The 
latter three isotopes are unlikely to be a source of contamination in any drinking water 
supply, since 7 B e is strongly reabsorbed by soils and rocks 5 7, and the migration of * 5 C a 
and Mn is very slow and they should decay before travelling any appreciable distance . 

With 4.4 x 1 0 1 2 stars per second produced in rock and soil, the leaching rate is 
9 fli 2 2 3 

calculated to be 9.7 x 10 and 2.2 x 10 atoms per second of Na and H, respectively. 
This results in the leaching of 2.6 GBq of 2 2 N a and 12 GBq of 3 H from the soil and rock, 
per year. If it is assumed that the above activity is diluted in a normal rainfall of 1 m 
over 10 km 2 of ground surface (volume of water 10 7 m 3 ) , the concentrations of radioactivity 
in water leached out of the soil are 0.26 and 1.2 kBq/m 3 of 2 2 N a and 3 H , respectively. 
These quantities, even though considerably higher than for LEP operation, are still very 
small compared with the concentration limits in drinking water. Hence the radioactivity in 
the ground water is insignificant and will not, even if this water were to be consumed 
continuously, give rise to an internal exposure of more than 1 \¡Sv per year. 

iv) Radioactivity released by water 
The radioisotopes which can be produced by hadron-induced spallation interactions in 

59 
the oxygen of the cooling water have already been studied in detail previously . The 
number of stars per second produced in the cooling water is taken to be 8.7 x 1 0 1 1 for the 
radionuclides that will build up in the cooling circuits over a period of a year, after 
which the water will be renewed. 

In order to assess the radiological impact of the isotope production, the pathway for 
the release of activity and the possible incorporation into the human body must be spec
ified. The following, simple assumptions were made. The activity is dispersed in a water 

3 
circuit with a volume of 10 m . An ingestion of 1 1 of water is presumed. The values of the 
quantities of the most important radioisotopes ingested in this manner are compared with 
the Annual Limits of Intake (ALI) taken from the ICRP Publication 30 6 0 and the Maximum 

6 1 

Incorporable Activity via water, IW, given in Swiss Legislation . For the sum of all 
isotopes this gives 0.3% of ALI and « 6% of IW, corresponding to an estimated internal dose 
of * 0.2 mSv/y. 

The low dose-equivalent values connected with an accidental water release and the 
fact that all primary cooling circuits are closed, show that any influence is extremely 
small and can be disregarded. 

v) Radioactivity released by air 
For the star density on the surface of a steel cylinder of 15 cm radius taken from 

Fig. 48 and assuming MD conditions, the number of stars per second created in the air of 
the LHC tunnel is assumed to be 3.2 x 1 0 1 1 . Cross-sections for the production of 1 5 0 , 1 3 N , 
1 1 C , * 1 A r , 7 B e , and 3 H from different parent nuclei were taken into consideration 6 2' 6 3. The 
calculated specific activities at the air outlet for all these isotopes created by spall-

5 3 
ation is calculated to be 2 x 10 Bq/m , about 2-3 times the maximum air concentration 
according to Swiss legislation. With a dilution factor of 1000 — easily obtained by 
dispersion after stack release — the activity concentration at ground level outside the 
CERN domain will give rise to a submersion dose of the order of 0.1 mSv/y. 
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vi) Tritium production in helium 
Liquid helium at about 4.2 K will circulate in or near the coils of the 

superconducting magnets of the LHC. Beam losses on the vacuum chamber will cause a hadron 
cascade to develop in the magnet structure; some of the inelastic events of the cascade 
will occur in the helium, causing the formation of tritium and other hydrogen isotopes. 

1 3 

There are 3.8 x 10 stars per second occurring in the accelerator structure, averaged 
over a calendar year. Assuming that all this is contained in the magnets, then for 

1 9 

3500 hours of operation there will be 1.2 x 10 atoms or 21 GBq of tritium produced per 
year. This is some seven times higher than the annual limit of intake for tritiated water 
for one person as given in the ICRP Publication 30 [ALI = 3 GBq 6 0 ] and, if mixed with the 

5 3 

total volume of air, ' 2.7 x 10 m in the accelerator tunnel, would give a concentration 
of 79 kBq/m 3. 

2.8.6 Radiation damage and radiation-produced noxious compounds 
In order to keep radiation heating in the superconducting magnets low, the beam losses 

and consequently the dose to materials and components must be small. Therefore the restric
tion of material selection for the LHC clearly depends on the frequency and energy of 
operation of the LEP machine with the LHC installed, rather than on the operation of the 
LHC itself. As regards the energy of LEP, the damage to the radiationsensitive items must 
be considered negligible for the 50 GeV stage, moderate for the 86 GeV stage, and severe 
for the 100 GeV stage 6*. Hence the installation of highly radiation-sensitive items such as 
electronics and optical-fibre cables is not recommended for the LHC. 

The dump area specially built for the LHC has to be considered as a high-radiation 
area with application of only highly radiation-resistant materials, mainly in organics, as 
is the case in the target and dump areas of the existing CERN proton machines. The problem 
of the thermal stresses in the dump itself has been briefly dealt with in subsection 2.8.5. 

Ionization and excitation of the molecules of the air in the tunnel will induce 
chemical reactions giving ozone and various oxides of nitrogen. The 3.2 x 1 0 1 1 star 
production rate in air during MD operation would indicate a rate of energy deposition of 
4.2 GeV/s or 2.5 x 10~ 3 W/m. The energy deposition in air from the synchrotron radiation 

6 5 
of LEP operating at 100 GeV is 0.34 W/m . It was shown that this gave rise to an 

6 G 
insignificant effect on the environment ; the LHC will have even less effect. 

2.8.7 Conclusions and summary 

Radiation protection for a project such as a large hadron collider is directly 
concerned with the protection of workers and members of the public. In an indirect way it 
is concerned with the protection of components against radiation damage; this increases the 
reliability of the installation and consequently reduces the dose received by those who 
maintain and repair the components. 

The exposure of workers can be estimated from experience at the CERN PS and SPS, for 
which the total induced radioactivity is of the same order of magnitude as for the LHC. The 
total collective annual dose for all workers due to LHC operation is estimated to be of the 
order of 10% of the collective dose of the PS staff (or 10% of 1-2 Sv/y = 0.1-0.2 Sv/y). It 
is not expected that the dose to workers or members of the public on the site will exceed 
the CERN adopted reference levels, which are respectively a factor of 3 and 10 lower than 
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the legal limits in France and Switzerland. Only in the experimental areas will a massive 
improvement of the shielding be required in order to reduce possible exposure of workers 
and, in the case of an incidental beam loss, to keep the dose at the site fences below the 
CERN reference levels. The injection area and the beam dump areas will have significant 
remanent radiation levels from induced radioactivity; the areas and components must be 
designed accordingly, with highly radiation resistant components and easy handling 
facilities. Apart from beam-line components in these highly exposed areas, insulation 

* 5 

materials that are radiation resistant up to 5 x 10 Gy are acceptable for the Main Ring 
and beam transfer lines. 

The construction of an LHC in the LEP tunnel would have some consequences on the 
present design: 
- Areas to house injection equipment and beam dumps must be created, most likely by 

considerable civil engineering alterations and additions. 
- The shielding all around the two beams in the experimental areas must be improved. A 

minimum shielding thickness of 4 m of concrete equivalent must be installed between 
the beams and the bottom of the access shafts (as between the experimenters and the 
beams). 

- Experimental control equipment which needs permanent attention would be best installed 
at the surface. Access close to the beam during operation could thus be avoided. 

The radiation risks for both the staff and users of the LHC on the one side and the 
population on the other, are small compared with the CERN reference levels or the natural 
radiation. 

3. THE P P OPTION 
Only a one-channel machine is considered, as stated in Section 1. The layout of this 

single ring is shown schematically in Fig. 49. In order to make the bunches collide in only 
the eight interaction points, the orbits of protons and antiprotons outside the collision 
regions are kept apart by electrostatic separators which are positioned downstream and 
upstream of each interaction point. 

The transfer of protons and antiprotons seems easier following variant 2 (Fig. 38), 
since both types of particles circulate in the SPS in their normal direction. Using 
variant 1 (Fig. 37) would combine the longer transfer lines with the disadvantage of 
polarity reversal of the SPS (for p) and the construction of a new beam line linking the 
PS/SPS antiproton transfer line TT70 with TT10. Also, part of TT10, the injection system in 
LSS1 and the extraction in LSS4 would have to be able to operate at reversed polarity. 

Since there is only one channel in the ring, the magnets are simpler than for the pp 
Collider, but the aperture is possibly larger so as to accommodate the separation of the 
orbits. The stored energy in the beam is lower, and the beam is likely to be more stable 
because the number of bunches is reduced by more than an order of magnitude compared with 
the pp option. Unfortunately, these advantages have to be paid for by a lower luminosity 
and by the necessity of having separators. The separators deflect the beams in opposite 
directions electrostatically; their length is about 40 m per station. The operation of pp 

* 5 
At 5 x 10 Gy, 50% of the initial mechanical properties must still be preserved. 
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rings is also more complicated and the limited accumulation rate has adverse effects on the 
luminosity, especially when averaged over time. 

As explained before, the peak luminosity is limited by the total number of antiprotons 
available at the beginning of a run. With the new CERN antiproton source, approximately 
1 0 1 2 particles can be expected, resulting in a peak luminosity around 1 0 3 1 cm" 2 s" 1 (see 
Fig. 2 ) . Respecting <n> < 1 and selecting a bunch spacing compatible with the RF will yield 
108 bunches as the nominal number corresponding to T x = 825 ns. The separators are ins
talled behind the low-ß quadrupoles but before the first unwanted crossing which occurs at 
124 m from the interaction point. The most promising scheme for beam separation makes the 
orbits spiral around each other by means of a set of vertically deflecting plates and a set 

6 7 

of horizontally deflecting plates . Hence, the bunches always circulate off-centre in the 
arc, which might adversely influence their stability. 

If the number of available antiprotons could be increased to, say, 1 0 1 3 , a higher peak 
luminosity could in principle be reached. If the number of bunches were not changed, the 
number of events per bunch collision would become inadmissibly high, as can be seen from 
Fig. 2. Increasing the number of bunches k would help in this respect, but there will soon 
be trouble if k approaches 300, corresponding to T^ = 300 ns. At this point the unwanted 
crossing has approached the low-ß quadrupoles, leaving no space for the long separators. 
Another serious problem arises in connection with injection. The separation is not 
sufficient to prevent deflection of the already stored beam by the kicker magnet when the 
second beam is injected. Thus the injection kicker must be positioned between two unwanted 
crossings and its field must rise and fall within T x . This is already difficult for 108 
bunches but becomes nearly impossible once k reaches 200 to 300, at least with present 
technology. There remains the possibility to separate the orbits by such an amount that the 
beam is not disturbed by the kicker field acting on the other beam. Such a scheme has not 
yet been worked out. 

In order to obtain a reasonable luminosity averaged over time, the duration of a run 
should be approximately equal to the initial luminosity decay time T^. Taking this as a 
guide, the necessary p accumulation rate becomes 

A > N p / x L . 

For our parameters T t - 20 h, yielding A > 5 x 1 0 1 0 h" 1 for N- = 1 0 1 2 and A > 5 x 1 0 1 1 h' 1 

u ~ p ~ 
for N- = 10 . The rate 5 x 10 h~ is about the design aim of the new CERN antiproton 

6 B 69 1 1 - 1 

source and the FNAL source under construction, whilst 5 x 10 h could possibly be 
reached with a sophisticated multi-ring source 7 0. 

It is apparent that even with a very advanced p source the maximum expected peak 
pp luminosity is inferior to the peak pp luminosity by about one order of magnitude. The 
machine becomes technically rather difficult for luminosities approaching 1 0 3 2 cm' 2 s' 1. 
Moreover, the ratio of average-to-peak luminosity will certainly suffer from the opera
tional complications and will be lower than for the pp, which will profit from the powerful 
proton sources at hand. 
4. FINAL REMARKS AND CONCLUSIONS 

In this report we have considered mainly a proton-proton collider, as being the most 
promising tool for extending the present energy range for research at constituent level 
into the TeV region. 
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The basic machine structure can of course be used for other research programmes, for 
instance for the study of collisions between the electrons of LEP and the protons of the 
hadron collider, up to a centre-of-mass energy of about 2 TeV. Collisions of ions would 
also be possible, with a beam energy per nucleón of about one-half of the proton energy. 
However, no work has yet been done on these options. 

The conclusions which can be drawn from the study are the following: 
i) A proton-proton collider can be installed in the tunnel above LEP. A centre-of-mass 

energy of about 18 TeV could be reached with superconducting magnets of 10 T. 

ii) In order to achieve this goal, it is necessary to launch in Europe a vigorous 
programme for the development of materials and techniques necessary for the 
construction of such magnets. 

Several European laboratories and institutes have expressed great interest in 
participating in such a programme. 

iii)According to present knowledge, magnets with smaller field, say 6 or 7 T 
(centre-of-mass energy 10 to 13 TeV), could be built after a shorter programme of 
technological development, 

iv) All other machine components and systems appear to be feasible with the present 
technology. 
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APPENDIX 

PARAMETER LIST FOR THE pp OPTION 

a) 
A.1 Performance 

Collider type in LEP Proton-proton 

. . , - 2 - 1 . b ) Luminosity (cm s ) 
<n> at t = 100 mb 
Number of particles/bunch 
Circulating current (mA) 
Beam-beam tune shift 

Beam stored energy (MJ) 
c) 

r.m.s. Beam radius (urn) 
Beam lifetime ( h ) d * 

4 x 1 0 3 2 1.6 x 1 0 3 3 

1 4 

1.34 x 1 0 1 0 2 . 56 x 1 0 1 0 

86 164 

0 . 0 0 1 3 0 .0025 

63 119 

12 12 

42 22 

a) For 8 .14 GeV and 79 m lattice period length. The numbers are only slightly 
different for 8 .99 GeV and the 158 m lattice period length. 

b) Crossing angle neglected. 
c) At interaction point for 0 = 1 m. 

d) Particle loss due to beam-beam collisions. 

A.2 General parameters 

Operating beam energy (TeV) 8 .14 8 . 9 9 

Dipole magnetic field (T) 10 10 

Lattice period length (m) 79 158 

Lattice phase advance I T / 3 it/2 

Separation between orbits (mm) 165- 180 

Number of bunches 3564 

Bunch spacing (ns) 25 

Number of crossing points 8 

ß value at crossing point (m) 1 

Normalized emittance 4irto /ß (um) 5ir 

Full bunch length (m) 0 31 

Full crossing angle (urad) 96 
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A.3 Lattice and beam size 

Period length (m) 79 158 

Bending angle (mrad) 22.613 45.226 

Phase advance ÏÏ/3 w/2 
Number of quadrupoles 2 2 

Quadrupole length (m) 2.815 2.167 

Number of dipoles 6 12 

Dipole length (m) 10.228 11.306 

Maximum ß-value (m) 136 269 

Minimum ß-value (m) 46 46 

Maximum dispersion (m) 2.23 4.84 

Minimum dispersion (m) 1.35 2.32 
Bending radius (m) 2714 3000 
Maximum energy (TeV) 8.136 8.993 
Momentum compaction 4.11 x 1 0 - 4 8.05 x 10' 4 

Normalized emittance (urn) 5n 5ir 
At injection energy (GeV): 450 450 

Vertical beam radius (mm) 2.38 3.35 
Horizontal beam radius (mm) 5.12 9.01 

At operating energy (TeV): 8.136 8.993 
Vertical beam radius (mm) 0.56 0.74 
Horizontal beam radius (mm) 1.21 2.00 

Good field radius (mm) 8.1 12.0 

A.4 Magnets 

Maximum dipole field (T) 10 
Maximum quadrupole gradient (T/m) 250 
Eff. gap between dipoles (m) 1 
Eff. gap between dipoles and quads (m) 2 
Horizontal dipole corrector strength (T-m) 2.5 
Vertical dipole corrector strength (T-m) 2.5 
Maximum sextupole strength (T/m) 2000 
Ramping time (min) 10 
Vacuum chamber inner diameter (mm) 30 40 
Coil inner diameter (mm) 35 50 
Separation between orbits (mm) 165 180 
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A.5 Synchrotron radiation 

Lattice period length (m) 79 158 
Operating energy (TeV) 8.136 8.993 
Loss voltage/turn (kV) 12.6 17.0 
Critical photon energy (eV) 71 87 
Circulating current (mA) 86 86 
Total power for two beams (kW) 2.17 2.93 
Emitted power for two beams/length (W/m) 0.13 0.16 
Emittance damping time (J = 1) (h) 16.0 13.1 

A.6 RF system 

Lattice period length (m) 79 158 
Harmonic number 35640 35640 
Frequency (MHz) 400.8 400.8 
At injection energy (GeV): 450 450 

Bunch area (eV-s) 1.0 1.0 
Bucket area (eV-s) 1.76 1.68 
Circumferential voltage (MV) 15.78 28.00 
Synchrotron tune 0.0090 0.0168 
Synchrotron frequency (Hz) 101 189 
Bucket half-height 1.23 x 10~ 3 1.17 x 10" 3 

At operating energy (TeV): 8.136 8.993 
Bunch area (eV-s) 2.5 2.5 
Bucket area (eV-s) 7.5 7.5 
Circumferential voltage (MV) 15.78 28.00 
Synchrotron tune 0.00212 0.00380 
Synchrotron frequency (Hz) 23.8 42.7 
Bucket half-height 2.9 x 10"* 2.6 x 10"* 



- 125 -

7 Intra-beam scattering 

Lattice period length (m) 79 158 

Normalized emittance (gm) 5ir 5» 
Number of particles/bunch 1.34 x 1 0 1 0 1.34 x 1 0 1 0 

At injection energy (GeV): 450 450 
Horizontal growth time (h) 25 17 
Longitudinal growth time (h) 95 166 

At operating energy (TeV): 8.136 8.993 
Horizontal growth time (h) 64 41 
Longitudinal growth time (h) 137 224 

8 Cryogenics 

Number of refrigeration plants 8 
Distance between refrigeration plants (m) 3330 

Per octant Total 
Max. installed primary refrigeration (4.5 K)(kW) 15 120 
Max. installed second, refrigeration (< 80 K)(kW) 100 800 
Max. installed liquefaction (current lead cooling)(g/s) 9 72 
Max. installed compressor power (MW) 7 56 
Cold mass (4.5 K) (kg) 4.4 x 10 6 3.5 x 10 7 

Helium inventory (equivalent liquid) (1) 50,000 400,000 
Nitrogen inventory (equivalent liquid) (1) 20,000 160,000 
Cryostat primary heat inleak (4.5 K) (W/m) - 2 
Cryostat secondary heat inleak (< 80 K) (W/m) - 15 
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Fig. 1 Synopsis of hadron collider options for the LEP tunnel 

2 Performance of pp and pp colliders Fig. 3 Schematic layout of pp collider with 
two magnetic channels. Only part of the beam 
is indicated. 
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Fig. 4 LEP tunnel with LHC magnets above LEP dipole 

Fig. 5 Luminosity L versus bunch spacing T x at 
constant average number <n> of events per col
lision. The labels correspond to the following 
values of <n>: (1) = 0.1, (2) = 0.3, (3) = 1, 
(4) = 3, (5) --• 10. 
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Fig. 6 Orbit functions in the regular lattice 
.o cell with L P = 7 9 M and 6 0 " phase advance 

BO DEGREES 
l a _ x D r z r z T j c ] - T - c j r ~ r ~ t i 

_L I 1 L-

Fig. 7 Orbit functions in the regular lattice 
cell with L = 1 5 8 M and 9 0 * phase advance P 

lP5. 150. 175. 2O0. 225. 250 

Fig. 8 Orbit functions ß*/ 2 and ß]/ 2 in half Fig. 9 Orbit functions j,]/2 and tfj2 in half 
the L H C insertion for a regular lattice with the L H C insertion for a regular lattice with 
L = 7 9 m and u = 6 0 * . The interaction point L „ = 1 5 8 M and M = 9 0 * . The interaction point 
P P 

is at the left. is at the left. 
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L H C - L P = 7 9 M - 60 D E G - K 2 B = 6 . 6 E - 3 

DO MOB « « « V E R T »•• 

D P / P I P E R M I L L E ) 
J 1 I I I 

L H C - L P = 7 9 M - 6 0 O E G - K 2 B = 0 . 0 1 8 

DO HOR » K « V E R T • 

J L 
D P / P I P E R M I L L E ) 

J I I I 

L H C - L P = 1 5 8 M - 90 D E G - K 2 B = 6 . 6 E - 3 

DO HOR « * « V E R T 

J I I I J L 
D P / P I P E R M I L L E ) 

I I I 

L H C - L P = 1 5 8 M - 90 D E G - K 2 B = 0 . 0 1 8 

DO HOR x » » V E R T 

- 0 . 2 0 
- 1 . 0 

J I L 
D P / P I P E R M I L L E ) 

?ig. 10 Tune variation with momentum error. The parameter K2B is the sextupole field coeffi-
cient B"/Bp (m ) due to persistent currents. The lower (higher) value of K2B corresponds to 
the larger (smaller) coil diameter. The momentum range shown corresponds to about a full 
bucket height at injection. 
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C E L L 60° CELL 90° 

0 5 10 15 X o [ m m ] 0 5 10 15 X o [ m m ] 

0 5 10 15 20 X o [ m m ) 0 5 10 15 20 X o l m m l 

Fig. 11 Probability P for a particle with initial amplitude x 0 at maximum ß in the regular 
lattice to circulate for 100 turns without hitting the vacuum chamber, for cells with u = 60 
and 90', and vacuum chamber radii of 15 and 20 mm. The full (dashed) lines show cases where 
the systematic persistent sextupole component is compensated in the neighbouring sextupoles 
(in the dipoles themselves). 
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10 1.0 10 1.28 10 1.0 10 
4 5 2 , , 10.23 , , 10.23 . , 10.23 , , 4 . 5 2 , , 10 23 , , 10 23 , . 10.23 

Magnet type 

B = 2 in 1 dipoles 
Q = 2 in 1 quadrupoles 
S = 2 sextupoles in the same cryostat 
C = 1 horizontal + 1 vertical dipole corrector 

Approximate number 

1600 
650 
500 
500 

Fig. 13 Typical LHC cell (magnetic lengths) 

t50 610, 

Fig. 14 Typical LEP tunnel cross-section 
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Fig. 15 Summary of high-field conductor devel- Fig. 16 Twin-bore (2 in 1) magnet, cross-
opment with respect to achievable current den- section type A (B o = 10 T, j f t v = 300 A . m m - 2 ) 
sities j versus magnetic field B (Ref. 13). 

Fig. 17 Twin-bore (2 in 1) magnet, cross- Fig. 18 Variation of quadrupole and sextupole 
componen 
A and B 

* - 2 
section type B (B^ = 10 T, j & v = 300 A.mm ) components versus excitation for dipole types 
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Flux distribution 

Fig. 20 Elimination of quadrupole field 
component by a wedge 

Fig. 19 Distribution of flux in the dipole and 
electromagnetic forces in the coil (version A) 
(B o = 10 T, j a v = 300 A. 

Flux plot for B " 10 T 10 nm thick magnetic Tnux 
IK) 
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Central Field 10T 
Magnet lenght 12 n 
Stored energy i.,c,r1J 
J coil 300A/milf 
1 10 KA 
Inductance 88mH 

Compact coil 
coil dimensions 43*60« Z&OOOmm3 

insulated conductor 10,7» 3,11 mm* 
insulation thickness 0,1mm 
% Superconductor 10X 

90 %Cu 

0 % Bronze 

Fig. 22 Estimate of maximum temperature in 
Fig. 21 Control of stray field (cross-section case of quench at constant current density and 
type A) varying the amount of copper 
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Quadrupole 
Focusing/focusing pairing 

Quadrupole 
Focusing/defocusing paii 

Fig. 23 Flux plots for F/F and F/D pairing of quadrupoles 

;. 24 Twin-bore (2 in 1) quadrupole magnet Fig. 25 Sextupole magnets sharing the same 
- 1 - 2 

= 250 T.m , j = 480 A.mm ). cryostat with the quadrupoles 
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Fig. 26 Twin-aperture correction dipole Fig. 27 Twin-bore magnet, cross-section type 
A, for 35 mm coil inner diameter (B 0 = 10 T, 
j = 300 A.i J a v 
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Fig. 28 Proposed layout of LHC cryogenics 
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Fig. 29 Cryogenic flow-scheme of LHC octant, normal operation 
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Fig. 33 Schematic view of the LHC vacuum system in the cold sectors. The He cryostat and the 
intermagnet gap are shown with the lateral room temperature connections of the main vacuum 
system. 

Fig. 34 Number of photons s " ' . « - 1 ^ " 1 produced 
by the circulating beam as a function of the 
beam energy. Only photons with energy higher 
than the value indicated next to the various 
curves are taken into account. 

r b =1<Tm 

Energy/TeV 

Fig. 35 Number of protons per bunch required 
to obtain self-clearing of beam as a function 
of the number of bunches and for different 
initial positions of the electrons. The self-
clearing region is on the left of the diagonal 
lines r r b and r, = 0 . 1 r b. 



Fig. 37 Beam transfer through injector chain: Fig. 38 Beam transfer through injector chain: 

Variant 1 Variant 2 



Fig. 39 Beam disposition in LHC. Small gaps for rise-time of SPS ejection kicker and LHC 
injection kicker. Large gap for rise-time of LHC beam-dump kicker and fall-time of LHC 
injection kicker after injection of last SPS pulse. 
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Fig. 40 Possible bunch spacings in LHC T x (ns): 

Thick lines: transfer of bunch trains PS -» SPS. 

Dashed lines: transfer of individual bunches PS -» SPS. 

The number of bunches in the LHC is indicated at the top of the diagram. 

DETECTOR 

Fig. 41 Layout of injection elements 
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fyj 350 Dl 

Fig. 42 Layout of extraction elements; variant with steel-septum magnet 

Fig. 43 Layout of extraction elements; variant with current-septum magnet 

Fig. 44 Layout of extraction elements; variant with two extractions in one straight section 
and using steel-septum magnets 
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AIUmNIUM 
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Fig. 45 Design principle of the external 

absorber for beam dumping 
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Fig. 46 Quenching characteristics of an 

ISABELLE magnet (from Ref. 50) 

Fig. 47 Maximum energy density on the axis of 
a beam dump, * - graphite, 0 - aluminium 
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.ioe-03 Fig. 48 Star densities in an iron dump hit by 
a 10 TeV proton pencil beam: * - longitudinally 

-10E-0« integrated values in stars per cubic centimetre-
0 - values at cascade maximum in stars per cubic 
centimetre. 
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Fig. 49 Schematic layout of a pp collider 
with only part of the bunches indicated 
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