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A SECOND COLLIDER IN THE CERN LEP TUNNEL 
FOR pp Lpp) AND ep PHYSICS 
IN THE MULTITEV ENERGY RANGE 

European 
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Abstract and Introduction 

The LEP collider at present under ConStrUCt 
will provide e'e- collisions in four large 

1 
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The CERN Machine Group 
Presented by G. Brianti) 
Organization for Nuclear Research 
1 - Geneva 23, Switzerland 

on at CERN 
detectors, 

initially at a centre of mass energy of 110 GeV to be 
gradually increased to - 200 GeV by means of 
superconducting r.f. cavities. First beam is planned 
for the end of 1966. The tunnel has a circumference of 
. 27 km and can house a second collider on top of thf 
present one, designated as Large Hadron Collider ILHCI 
(Figs. 1 and 2). 

Fig. I : LEP in the Geneva area. 

Fig. 2 : Large Hadron Collider in the LEP Tunnel 
(perspective view in the LEP tunnel) 

The LHC can be constructed with either one or 
two magnetic channels. The former allows collisions of 
protons wrth antiprotons crrculating in the new channel 
in up to eight points, whrle protons can be made to 
collide with the electrons of LEP In the odd collision 
points, which are free from r.f. cavities. An LHC wrth 
two channels can of course provide pp collisions of 
high luminosity and the same ep possibrlites as already 
indicated by using only one of the proton beams. 
Concernrng hadronic collisions. the two-channel machrne 
should produce a larger luminosity and be more relrable 
(ease of refill with protons, which are abundant1 than 
the single channel one (PPI but wrll be more 
expensive due to the double magnets. It should be 
noted that the $ERN p source, as berng developed for 
higher intensity , would be perfectly suited for this 
applrcation. 

When considerrng the global economrc balance 
it should be stressed that, in the case a of 
one-channel ring, proton and antiproton beams must be 
separated everywhere except than at the wanted 
colllslon points and hence electrostatic separators 
must be added to the hardware list. 

Concerning the proton beam energy obtalnable. 
the lattice studies conducted so far rndrcate that the 
beam energy E relates to the dipole field 6 through : 

E (TeV) :: K 81T) (11 

with K being in the range 0.614 to 0.699 depending on 
the cell length to be chosen (79 or 158 ml. 

It is being demonstrated for the SSC that, 
with present technology (NbT1 conductors at - 4.5-K], 
dipoles with fields in excess of 6 T can be obtalned. 

Given the flxed tunnel circumference, it \would 
be interesting to increase the field. This could be 
obtained either by cooling NbTi conductors down to 
1.6.K (superfluid He), or by using Nb,Sn conductors. 

It is currently assumed that a maximum field 
of - 10 T could be considered in the environment of the 
LEP tunnel. A European collaboration among ajdozen 
laboratorres is berng set up to achreve this goal . It 
should be noted -that recently a field of - 10 T has 
been obtarned in a one-metre model of 60 mm aperture at 
KEK - Japan (NbTr at 1.6.K). 

Therefore, according to Ii) the range of 
proton beam energies to be considered is 5 to 8 or 3 
TeV. with corresponding centre of mass energies of IO 
to 16 or 18 TeV. 

ble Performance 

The luminosity obtainable with pp and pi 

collisions are Indicated in Fig. 3 as function of TX, 
time elapsing between two bunch collisions in the 
detector. Also drawn are lines of constant L.T ; 
along those lines the number of events Xn) per B unch 
collision is constant for a given total proton-proton 
cross-section X. Since it is very difficult to handle 
more than one event per bunch collrsron, the line 
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lxlflz5 cm-* therefore becomes an upper llmlt 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 providing a boyndary on the left. 
One of the resultsXof the workshop was that values for 
T as low as 25 ns are conceivable without this being a 
do t an be seen that a luminosity 
of 

hard 1;m;;12 T~~~.ts-Flcan be 
about . 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 wh$$h can accept a higher 
<n>. luminosities up to < 1.5x10 could possibly be 
reached. 

under construction in CERN. 
limit on the luminosity around 
order to minimize the number of yunwanted 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 collision. 

Thy y’,;,” ;;;- working point shown in in Fig. 3 for N- 
ing account the constraints by the RF !?ystem. to 108 
bunches In the machine, corresponding to TX = 825 ns. 

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 wave-length 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 
nominal value. The graph also indicates the total 
number of particle3 which does not appear to be 
excessive. since lt corresponds to only a few SPS 
pulses at the present performance level. The stored 
energy in the beam remains acceptable in the 

ra?9e 
under consrderation; it reaches 70 tlJ at N = 5x10 . 
The beam- beam effect, Imposing a limit oh the number 
of particles per bunch, is of not much 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 such that beam 
instabilities are avoided or can be dealt with by 
feed-back systems. Table 1 gives a list of the main 
parameters. 

If detectors with a higher trigger rate were 
developed, tlng point could move upwards along 
the li 

"heloy;iP cm-2 
e L.T 

53 
and eventually approach 

L:fO T : 10 "S. However, this implies an increase 
of the tot:1 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 presently estimated detector performance, and 
to work out a consistent set of parameters on this 
basis, though it is not unreasonable to expect the 
eventual operating point somewhere in the shaded area 
of Fig. 3. 

,_ i-.-z: _-, - :.-y; *"._ ,, ._. ._. . . . _ 

Fig. 3 : Performance of pp and pp colliders 

In the pp option the luminosity i's limited 
by the p accumulation rate. which determines the 
total number of particles N- accumulated in a time 
comparable to the lrylnositf decay time in the LHC. We 
may expect N- = 10 

P 
with the new antiproton source 

When a ten times more intense antiproton 
source becomes avarlable, the luminosity 
increased in principle 

could 9$e 
to a level of about .1.5x10 . 

However, as can be inferred from Fig. 3, this leads 
either to an elaborate system for bunch separation at 
about 2000 unwanted crossing points, which becomes 
especially tricky hear the interaction points, or to 

Table 1 : GENERAL PARAMETERS AND PERFORMANCE 

GENERAL PARAMETERS PERFORMANCE 

COLLIDER TYPE IN LEP PROTON-PROTON 

SEPARATION BETWEEN ORBITS (mm)* 165-160 
NUMBER OF BUNCHES 3564 
BUNCH SPACING (ns) 25 
NUMBER OF CROSSING POINTS 0 
BETA VALUE AT CROSSING POINT (ml 1 
NORMALIZED EHITTANCE Cnyo /9 iuml 5n 
FULL BUNCH LENGTH (ml 0.31 
FULL CROSSING ANGLE furad) 96 

COLLIDER TYPE IN LEP 

tn> at 1 = lOO_;(mbj 
LUHINOSITY (cm s I 
NUMBER OF PARTICLES/BUNCH 
CIRCULATING CURRENT (mA1 
BEAM-BEAM TUNE SHIFT 
BEAM STORED ENERGY ltl,JJ 
RMS 0EAM RADIUS (pmj,, 
BEAM LIFE-TIME (hl 

LATTICE PERIOD LENGTH (ml 
LATTICE PHASE ADVANCE 
DIPOLE MAGNETIC FIELD (T) 
OPERATING BEAM ENERGY (TeV) 

79 156 
R/3 n/2 
10 10 
a. 14 8.99 

* 
For "two-in-one" magnets 

,:: at interaction point for D* =lm 
particle loss due to beam-beam COllisiOnS 

3437 



Jable 2 : EXAMPLE OF AN eo INSERTION IMAX. LUMINOSITY) 

Proton beam 7 on be&a 
Number of protons/bunch 3.10" Total e-current (mA) ZB 
Number of bunches 870 Number of bunches 870 
Beta-X at crossing (mJ 34 Beta-X at crossing (ml 0.7 
Beta-t at crossing (ml 2.8 Beta-Z at crossing (rn) 0.2 
Beam energy (TeVl 8 Beam energy (GeVJ 65 

Luminosity 1.230 1O32 cm 
-2s-1 

Centre of mass energy 1.44 TeV 

many events per bunch collision in the detector, which 
15 hardly acceptable. Obviously, a wide range of 
combinations in 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. 

the pi 
The optimization of the average luminOSity+fOr 
case is presented in this conference . 

Results 
sof 

beam separation experiments are also 
presented . 

Recently work has been6directed toward work- 
able solutions for ep collisions . In the most promis- 
ing configuration the electron beam is deviated up- 
ward and made to collide head-on with the proton beam 
which is located - 1 m above the present LEP beam level 

A feature of ep collisions in LEP is that the 
considerable r.f. power installed can be used either to 
maintain the electron beam at its highest energy and 
hence obtain the highest centre of mass energy, or to 
increase the e-beam current at lower energies, 

therefore sacrifiring centre of mass energy (Is u E 
112) 

but increasing considerably the luminosity. Fi$? 4 
illustrates this. It is seen that ep insertions in the 
LEP tunnel would provide a unique opportunity to obtain 
this type of collisions at energies of five times those 
achievable at Hera. 

Table 2 gives an example of a pogsible ep 
insertions optimized for maximum luminosity . One 
should however note that to achieve these performances, 
the LHC should be equipped wrth a second HF system 
working at the same frequency as LEP. 

Various other beam dynamics effftcts have also 
been studied and are reported separately . 

As already Indicated in the introduction, 
dipoles with a field of - 6 T appear to be completely 
feasible according to the present technology, while 
higher fields, say a to 10 T, require development 
either of a cryogenic system at low temperature 12'KJ 
in order to use NbTi conductors or of high current 
density NbjSn conductors to be used at the normal 
liquid He temperature I- 4.5-K). 

Since one of the problems in the LEP tunnel 
may be space, an assessment has been made of electro- 
magnetic, cryogenic and mechanical problems which have 
to be faced for the design and construction of dipoles 
with a field as high as 10 T, would suitable materials 
and technologies be available in time. 

Two types of double magnets suitable for the 
most demanding case of proton-proton collisions 
(Fig. 5) are being considered, namely 'two-in-one' IA 
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Fig. 4 : Luminosity for head-on ep collisions 

in the figure) and 'dual" IB in the figure). In the 
former case the two channels are combined into a common 
yoke and cryostat, with the consequence that the fields 
in the two apertures are coupled for most of the field 
range. In the latter case the fields are (almost1 
independent. 

A 
pp mainly 

B 
pp and ~5 

Fig. 5 : Configurations of a pp collider 
A - Two-channel, magnet. coupled, 1 cryostat 
B - Two-channel, magnet.independ..l cryostat 

The advantage of "two-in-one" magnets IFig. 6) 
is clearly a saving in space and materials (iron yoke, 
superconductor and cryostat), but the energies of the 
two beams must be equal over most of the range because 
of the strong coupling of the two machines. However, 
depending on the exact spacing between the two beams, 
it might still be possible to accelerate one of the 
beams to an intermediate energy before injecting the 
second one. Such an operation would be advantageous if 
the beam lifetime at injection energy would be too 
small. However, it should be stressed that the CERN 
injectors PS and SPS allow a fast filling sequence 
(less than 100 s) which should minimize this potential 
difficulty. A preliminary design for a one aperture 
IO T model which is being thoroughly investigated 1s 
shown in Fig. 7. Such an aperture package can be used 



as a model either for a "two-in-one" or for a "dual' 
configuration. The advantage of "dual- magnets iS the 

independance of the magnetic fields in the two 
apertures, which allows separate manipulation of the 
two beams. 

2 for II lover WIndIngs 

Fig. 6 : Twin bore (2 In 1) magnet 

Since, however, such magnets occupy more space 
it 1s necessary to determine if such a configuration 

would still be possible in the LEP tunnel. Fig. 8 
gives the evaluation of the horizontal and vertical 
extensions of dual magnets as a function of field. It 
has been determined that vertically superposed magnets 
with fields between 9 and 10 T could still be installed 
In the LEP tunnel. 

A prelrmlnary configuration of quadrupoles. 
sextupoles and correcting magnetic elements can be 
found In Ref. 1. 

A feasibility stujly of a 4.5.K cryogenic 
system has already been made . A study 1s underway for 
a 2-K cryogenic system and its first results indicate 
that such a system would be feasible in the LEP tunnel. 

Vacuum svstem 

The beam chamber is a 40 mm stainless steel 
tube of circular cross-section ("cold-bore"). 

Because of possible beam Instabilities and 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 with low elec- 
trical resistivity at 4.5 K and at a field of 10 T. A 
good choice for the such a low resistivity material is 
copper, because stainless steel can easily be coated 
with It and because it reduces the risk of multi- 
pactorrng processgs, thanks to its low yield of 
secondary electrons . 

Interaction with residual gas molecules Via 
nuclear scattering and multiple Coulomb scattering 
results in loss of circulating protons and decay of 
circulating beam intensity. Theoretical estimates and 
past experience with the operation of the CERN SPS as 
proton storage rin -?a show that an average hydrogen 
pressure of 6x10 Torr wou Id be quite tolerable, 
which is not difficult to achieve. 

Fig. 7 : Configuration of a one aperture model magnet 
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Fig. 6 : Space required by magnetically 
decoupled magnets 

The synchrotron radiation will deposit 
0.25 W.m-' at 8.1 TeV with a critical energy of 70 eV. 
Assuming that the induced gas desorption rate from 
unbaked surfaces is proportional to the radiation power 
it can be shown that the radiation induced pressure 
rise is negligible. Experience with the ISR cold-bore 
test section indicates that ion induced desorption of 
Hz and He is also negligible. 



RF svstem 

In a pp single ring collider an RF system 
common to both beams would be used. In PP twin rings 
this 1s undesirable. Firstly, coupling the beams, 
which are exposed to separate magnetic field 
perturbatrons, via a common RF may lead to addltronal 
RF norse problems. Secondly, threading separated beams 
off-centre through a common cavity exposes them to 
deflecting forces, beam-driven and inherent. 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. 

We would have preferred to use for the LHC the 
same frequency - 352 MHz - as for electrons and 
positrons in LEP. This would have llmlted the maximum 
number of bunches in LHC to 540. In order to allow for 
a substantially larger number of bunches, a frequency 
of 400.6 MHz has been chosen, twice the present SPS 
frequency. This frequency provides a wide choice of 
number of bunches in LHC compatible with the transfer 
requirements. 

The voltage is determined by the bucket area 
of 7.5 eVs which is required to hold a bunch of 2.5 eVs 
with a good lifetime in the presence of RF noise. The 
peak RF voltage required per revolution is 15.8 HV. 

The spacing between two bunches collisions T 
can be adjusted in the interesting range between 5 an a 
35 ns with the sufficiently fine stepslze of 5 ns. 
Higher values 50, 60. 75, 100 ns etc. are also 
possible. 

Placing cavities side by side at 160 mm 
spacing seems excluded and so are common cavities at 
the E,, mode. However, if the cavitres for the two 
beams are staggered along the circumference, "septum 
cavities”, as shown in Fig. 9, become possible. Compu- 
tations give a shunt impedance of 7.0 HP per cell. 

lnteractionrtlonr 

The interaction regions for both the pp (pi) 
and the ep options have been details 
and are reported separately 

ktudied with some 
. It is therefore enough 

to summarize briefly their main features. 

The DD Insertions' 
A tentative choice may be eight five-cell 

n-mode cavities per beam, giving 1.05 MV/m accelerating 
gradient and a dissipation of 22 kW per cell. Two 
klystrons of the LEP type (1 MW nominal output, 1.1 HW 
test power at present1 per beam are more than 
sufficient and the grand total for both beams is 30 m 
of active structure length and four klystrons. 

Other aspects of the r.f. system are discussed 
1" Ref. 1. 

Jniectlon and Beam Transfer% 

The existing CERN 450 GeV Superproton- 
synchrotron TSPS) will be used as injector of LHC. 
can provide proton bunches containing more than 10 II4 

particles and it can cop with a total number of 
particles of about 3X10 

73 
per pulse. Its typical 

repetition time is about 10 s whit makes it easy to 
provide in about 100 s the 5x10 

PJ 
particles required 

for each ring of the Hadron Collider. The same 
inJector can also provide electrons for the ep options 
as It is the injector of LEP. 

There are two possible variants to transfer 
the beam from the SPS to LHC. The preferred one uses 
longer tunnels but does not need polarity reversal of 
the SPS nor superconducting magnets. No polarity 
reversal is needed for the PS, but a simple junction 
between TTlO and TT60 existing tunnels. 

Since the circumference ratio LHC/SPS is 27/7. 
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 LHC ("box-car' 
stacking). The bunch train is elected from the SPS and 
in3ected into LHC using fast deflecting kicker magnets. 
The bunch-to-bunch distance is too small for the kicker 
field to rise between two bunches at thrs energy. It 
1s proposed to leave an azimuthal gap of 0.5 to 1 ps in 
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the SPS beam so that the kicker field IeJection SPS. 
injection LHC) can rise in this gap without disturbing 
the preceding bunch and providing full field for the 
first bunch to be deflected. 

They have been designed assuming the two in 
one magnet solution (two beams in the horizontal plane 
1 m above LEPI. 

The two rings are of equal length with 
crossing at every intersection lchange over from inner 
to outer arc at every intersection). 

There is equal but opposite focussing ln 
ad]acent quadrupoles of the rings. The horizontal and 
vertical beta values at the crossing points are I m. 
The two proton beams are brought together and separated 
after the crossing by a doublet of dipoles of opposite 
field leaving ) 10 m of free space for the experiments. 
Matching of the regular arcs with the insertions is 
achieved by dispersion suppressor regions. Energy loss 
is avoided in these regions by tolerating a small 
transverse offset between the axis of LEP and LHC and 
by ellmlnatiog the weak dipole (BW of LEPl and having 
only four groups of equal length dipoles. 

The eo Insertions6 

For the ep insertions it is assumed (because 
of limitation in space and deflection) that they are 
only in a straight sectlon between two arcs which do no 
contain r.f. cavities, namely in odd sections fas the 4 
even sections will be fully filled with r.f. when the 
LEP energy is upgraded). The stiffer proton beam Will 
be left in its plane and the electron beam deflected 
vertically and made to achieve head-on collisions which 
gives the highest luminosity. There is a path common 
to both beams between the LEP low-@ quadrupoles, which 
are used for separating the two beams outside this 
region. The vertical dispersion is made to vanish with 
the insertion Sy"~~"4~'es,anU~~e~ea~~~~ea~~nd~~~~~~o~ 
luminosity of 10 
tron radiation background limited with collimators and 
masks. 



An obvious question directly related to the 
proposal of rnstallrng an LHC in the LEP tunnel is the 
compatibility of the two programmes. In a preliminary 
way one could imagrne the following scenario: 

- The present four LEP experiments installed in the 
even regrons 12. 4, 6 and 6) are still active. 

- These even regions have been filled with 
superconducting r.f. cavrties to increase the 
centre of mass energy of LEP to - 200 GeV. 

- In connection wrth CHC two or three new areas would 
be opened up (for instance 1 and 51 for new 
experiments based on pp IPPT and/or ep 
collisions. 

The running conditions would be : 

il When e'a- is on, the LEP experiments are In their 
normal data taking position. The new experiments 
in 1 and 5 are withdrawn from the beam. 

11) When pp (ppl or ep is on, the experiments 1 and 5 
are of course rn the data taking posltion. The CEP 
experiments are withdrawn and the p beams pass the 
even areas rn removable vacuum pipes. 

The evolutrons with time could be that some or 
all of the present LEP experiments are transformed for 

PP (PPI collisions and work in their present area, 
possibly adapted for thrs new use. In such a case pp 
collisions can be produced in the even points, but at a 
level of 1 m above the present LEP level. 

Conclus*ons 

The simultaneous exrstence on the CERN site of 
powerful hrgh quality particle injectors with record 
performance and of the LEP tunnel opens up a wide range 
of oosslbilrties. 

It has been demonstrated that a variety of 
collrslons of pp, pp, ep,.. are feasible and would 
constltute a unique and unequalled facility. 
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