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1. 	 INTRODUCTION 

In the 1973/4 five year forward look (NP1 (73)Rev) the Board presented to Council 

a programme in which it was recommended that the two existing domestic 

accelerators, NIMROD and NINA, be phased out in the period 1977-1980 and be 

replaced by a storage ring complex - EPIC. 

The proposed complex has great potential and could be built in stages, with 

each stage being capable of first class physics. 

Stage 1 would be a single accelerator ring in which 14 GeV 

electrons coll ide with 14 GeV positrons countet-rotating 

within the same ring. 

Stage 2 could add within the same tunnel an additional magnet 

ring for protons. This would be sited above the electron ring 

and the two beams would be deflected to give ep coll isions in 

four regions shown in fiqure 1. 

EPIC would provide faci lities complementary to those of CERN and would enable 

physicists to undertake a wide range of exciting experiments. Many of the 

fundamental questions of high energy physics, that currently puzzle physicists, 

could be investigated. Examples are: 

(a) 	 What is the nature of the recently discovered sub-structure of 

protons and neutrons? 

(b) 	 What are the properties of these nucleon constituents (partons)? 

(c) 	 Are the quarks which were invented to explain the properties of 

the multitudinous "elementary" particles, the same as partons? 

(d) 	 Does the weak interaction have a non-zero range and if so what is 

the mediating particle? 

(e) 	 Are the new theories that unify the weak and electromagnetic 

interactions on the right 1ines and, if so, which version provides 

the best description of nature? 



(f) 	 Why are there two sorts of neutrinos; why, indeed, does the muon 

exist at all; are there heavier leptons? 

(g) 	 Why does nature distinguish between right and left and what is the 

significance of the observed violation of time reversal? 

The Nuclear Physics Board requested a feasibil ity study to assess the physics 

interest and practical possibilities of EPIC. Nine working parties involving 

35 university staff and 32 Daresbury and Rutherford Laboratory staff have 

worked during the past year and have written over 100 reports. The appendix 

gives details. A full feasibility report has been written giving the conclusions 

of this and other studies, and the present report summarizes the case. 

High energy physicists conventionally use beams of energetic particles incident 

upon stationary targets. A consequence of conservation of momentum and 

special relativity is that the major part of the momentum of the beam particles 

is wasted projecting the products of the collision forward in the laboratory. 

As an example, if a 400 GeV proton hits a stationary proton, 373 GeV appears 

as forward motion in the laboratory and only 27 GeVof useful energy is 

available in the centre of mass system. On the other hand, in a head on 

collision between two particles of equal and opposite momentum, all the energy 

of the primary particles is available for the interaction. Hence, a 13.5 GeV 

proton beam colliding head-on with another 13.5 GeV proton beam can be used to 

study the same physical processes as with a 400 GeV proton beam incident upon 

stationary protons. This principle is the basis of all colliding beam systems; 

it greatly enhances the effective energy of the incident particles. To be 

useful, these must be stable particles as they must be stored in a magnet ring 

system for periods of hours. 

The proposed Stage 1 of EPIC is such a system for e+e- interactions. The full 

energy of 28 GeV would be available for the collisions. If a stationary e 

target were used, the e+ beam would have to have an energy of 800,000 GeV to 

reach an equivalent collision energy. The highest 'energy electron accelerator 

currently available is the Stanford 2 mile long linear accelerator giving 

25 GeV. 

EPIC (Stage 2) would enable protons (or deuterons) to be stored at an energy of 

80 GeV in a conventional magnet ring, or at 200 GeV in a superconducting magnet 

ring. In collision with 14 GeV electrons, this would give centre of mass 

energies of 67 and 106 GeV respectively. 
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Chapter 2 of this report summarizes the present state of knowledge in high 

energy physics; Chapter 3 outlines the role that EPIC could play and Chapter 4 

describes the status of the EPIC machine design. Chapter 5 gives the 

conclusions of the feasibil ity study. Briefly these are: 

1. 	 The participants in the feasibility study strongly urge the 

Nuclear Physics Board of the Science Research Council to 

seek approval for the early construction of a 14 + 14 GeV 

e+e - system as a first stage of EPIC. 

2. 	 This would provide a world class machine that can be built 


with known machine technology. The physics studies that 


can be foreseen are of fundamental importance and can be 


undertaken with currently available techniques. 


3. 	 The long term objective should be the addition of a second 


accelerator ring to enable ep physics to be studied. 
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2. THE NATURE OF PARTICLE PHYSICS, PROGRESS MADE AND THE OUTSTANDING PROBLEMS 

To put in perspective the physics that can be studied with EPIC, we first 

review briefly the state of particle physics, discuss the progress made and 

identify some of the outstanding problems. 

Among the greatest advances of the last hundred years were the formulation of 

Maxwell IS equations, relativity and quantum mechanics, which together have led 

to a very good basic understanding of phenomena on an atomic and molecular 

level. 

The interaction which governs this domain is the electromagnetic force between 

charged particles which takes place even when the particles are separated. The 

force between the particles is due to the exchange of photons - the quanta of 

the electromagnetic field. The relevant theory is quantum electrodynamics (or 

QED). It enables us to calculate and predict purely electromagnetic effects 

with great accuracy. So far all predictions when confronted with experimental 

data have been verified. 

High energy physics is concerned with the sub-atomic domain. A general 

consequence of quantum mechanics (the Heisenberg uncertainty principle) is that 

one cannot know both the position and momentum of a particle with unl imited 

precision at the same time. It follows that as one probes structures at smaller 

and smaller distances higher and higher energies are required. Hence exploration 

of sub-atomic phenomena requires high energy particles. Study of the nature of 

the electromagnetic interaction at very small distances is one of the aims of 

high energy physics, but it is only a part of the whole~ 

Examination of the behaviour of compound structures of protons and neutrons in 

nuclei showed the existence of new types of short range forces. The study of 

these forces, the structure of neutrons and protons and related sub-nuclear 

questions are in the domain of particle (or high energy) physics. This field 

of research has seen its main growth in the last thirty years. Even after 

extensive investigations new phenomena are still being found which suggest new 

physical concepts and mechanisms, which in turn suggest further experimental 

tests. A final synthesis has not yet evolved but there are ideas and partial 

theories that quantify and correlate many features of the sub-nuclear scene. 

A striking feature that has emerged is the great abundance of discovered 

particles that appear to be as elementary as the proton and neutron. There are 
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several hundred now known. The existence of this glut of particles was difficult 

to reconcile with the concept that they were elementary. A major advance was a 

classification of all known states in terms of three basic building blocks ­

called quarks - and their antiparticles. This can be thought of as analogous 

to the classification of elements within the periodic table and it may be as 

important for physics as that concept proved for chemistry. The basic force 

between the quarks may be explained in terms of a new super-strong interaction. 

The resulting states formed by combinations of these quarks bound by this super­

strong interaction are then sl ightly modified by the normal strong interaction 

and the electromagnetic interaction, resulting in the observed physical states. 

In the simplest form of this model two of the quarks are given charges of one 

third of the elementary charge e and the remaining one is given a charge of two 

thirds e. The proton, neutron and other similar states called baryons are 

constructed from combinations of three quarks (qqq). Meson states such as pions, 

kaons, etc are made from quark-antiquark pairs (qq). Free quarks have not yet 

been found and this may mean that they are very massive and tightly bound. 

Perhaps they are only a mathematical abstraction. Be that as it may, the quark 

model has had remarkable success in predicting and correlating the lower-mass 

meson and baryon states, in predicting their masses, quantum numbers, magnetic 

moments and transition rates. The elegance and economy of the quark model has 

great aesthetic appeal. 

The fact that we have a good theory for the electromagnetic interaction makes 

the electron and the photon very useful probes of the strong interaction. A 

photon can be absorbed by any particle with a charge or magnetic moment. If 

this particle is also one that experiences the strong interaction the outcome 

can be a final state containing strongly interacting particles only. 

Electroproduction is also very similar. When a beam of electrons strike a 

target, their purely electromagnetic interactions are mediated by ··virtual" 

photons, which are absorbed by the target. The resulting reaction can be looked 

upon as photoproduction by photons of non-zero mass, as their momentum and 

energy can be varied independently. Electrons and photons are therefore 

valuable probes for studying details of the strong interaction. 

A striking and significant phenomenon has recently been discovered Jn~electron 

proton scattering experiments. The cross section for elastic scattering of 

electrons by protons can be expressed as a product of the cross section that one 

would get if the proton were a point multipl led by a term that is a measure of 

the proton size and structure - this latter term is called the proton "form­
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factor ll This form-factor is unity when the scattering angle for the electron• 

is small, resulting in a small momentum transfer to the proton. As the 

scattering angle is increased the momentum transfer increases and the mass 

squared (Q2) of the virtual photon exchanged between electron and proton also 

increases. It is found that at large Q2 the cross section falls very rapidly 

and the form-factor is proportional to _1_ This experimental fact is consistent 
Q4

with the idea, that the proton is a diffuse object that tends to break up 

when hit hard. 

In apparent contradiction to these observations, if one studies inelastic 

electron scattering in which the proton is transformed into other states and 

sums over all possible inelastic states by merely looking at the scattered 

electron and measuring its angle and energy, then one finds a behaviour that 

is initially surprising and contradictory - the inelastic form factor doeS not 

fall rapidly with Q2. One would expect that the inelastic form-factor would 

depend upon both the energy, v, of the virtual photon, and upon Q2; but 

experimentally it depends only upon the ratio Q2/v and for very large v the 

cross section varies only slowly with Q2. This is precisely what one would 

expect if the proton were a point. The apparent contradiction between this 

result and the elastic scattering is resolved if the proton is made up of 

constituent point parts called partons. The form factor for elastic ep
2 . . 

scattering is small at large Q because the extended cloud of constituents must 

recoil as a whole. Inelastic scattering from the proton results from the 

interaction of the exchanged photon with a single point-like constituent, 

followed by the break up of the proton. 

This indication of a sub-structure to the proton (and the neutron)~ anu the 

related "seal ing" property that "deep-inelastic electron scattering ll depends not 

upon v and Q2 independently but upon the IIscaled" ratio Q2/v is of fundamental 

significance. It is a major objective for the future to study the sub-structure 

further and to see if scaling persists at higher energies. If scaling breaks 
down as the energy v increases it could indicate that a new scale of energy or 

length had been met (these could correspond to the free production of the 

constituent partons or to a non-zero size for the partons). Experiments can be 

made to measure the properties of the partons - their spin, their charge, how 

many exist within the nucleon and whether they are accompanied by antipartonso 

It is an exciting possibility, suggested by existing data, that the partons are 

to be identified with the quarks that are a natural explanation of the observed 

properties of the hadrons. Electron and muon beams from the new accelerators at 

NAL and CERN will provide higher energy virtual photons (~ 200 GeV) to probe the 
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nucleon structure in more detail. To probe still deeper, with higher energies, 

both e+e- and ep colliding beams could offer unique possibilitiei in providing 

virtual photons with up to an order of magnitude more energy. 

Beside strong and electromagnetic interactions, there is the weak interaction, 

characterized by a very small coupl ing constant which is responsible for the 

decay of strongly interacting particles and for processes such as radioactive 

8-decay. Weak interactions do not obey the same symmetry rules as strong and 

electromagnetic interactions; for example, it was discovered in 1956 that they 

are not invariant under the operations of space reflection (or parity, p) and 

particle-antiparticle reflection (or charge conjugation, C). In 1964, it was 

also discovered that the decay of neutral K mesons violates time reversal and 

the combined CP symmetry. This violation does not'fit into the existing theory 

of the weak interaction and the .current bel ief is that it is due to a new super­

weak interaction. 

The conventional theory of the weak interaction (Fermi theory) has serious 

shortcomings. The theory assumes a point interaction, a consequence of which 

is that the cross section for scattering processes mediated by the weak inter­

action increases indefinitely with energy. This prediction is confirmed by 

experiments with neutrinos having energies up to about 70 GeV, but must clearly 

break down at some energy well before the cross section rises to such a value 

that conservation of probabil ity (unitarity) is violated. An attractive way out 

is that the weak interactions may in fact be mediated by an intermediate meson 

W, just as the photon mediates the electromagnetic interaction. The analogy 

with the electromagnetic force turns out to be very clo~e; the W is required to 

have spin 1, just like the photon, and to interact with currents that are 

closely related to the electromagnetic current. This idea has been developed 

into a theory which holds the promise of unifying the electromagnetic Gnd weak 

interactions. If successful this could be a synthesis as important to our 

understanding as the unification of electric and magnet.ic phenomena through 

Maxwell IS equations. 

A possible way of studying the weak interaction is to investigate either of the 

reactions, e+ + e ~ ~+ + ~ or e + p ~ v + anything. Use of EPIC will enable 

much higher centre of mass energies to be reached than are possible even with 

beams from the new CERN proton synchrotron (SPS). 

An important theoretical prediction is that weak interaction cross sections 

become as large as those of the electromagnetic interaction, when the momentum 
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transfer becomes very large. This is because the former interaction depends 

1ittle on momentum transfer, whereas the latter decreases rapidly. Should we 

reach an energy regime in which the strength of the two interactions which have 

such widely differing properties becomes equal, new discoveries of a fundamental 

nature would be almost bound to be made. 

As the energy of the particle accelerators has increased, so have the discoveries 

multipl ied; indeed many of the most important discoveries were not anticipated 

when the machines at which they occurred were being planned. Experiments at the 

new particle accelerators now being built may answer some of the fundamental 

questions 1isted above and new and unexpected discoveries will be made. There 

are strong indications that as the energy is increased a greater simpl icity is 

found. The highest energies yet attained from an accelerator system have been 

achieved with the pp intersecting storage rings at CERN; there is a clear need 

for equally high energies for e+e- and ep systems. 
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3. THE ROLE OF EPIC 

Before outlining the role that EPIC can play in studying high energy physics 

we indicate what other electron and proton colliding beam facil ities exist 

or are planned. 

e+e- colliding beam facilities already exist and have worked at energies 

up to 2.5 + 2.5 GeV. Both SPEAR (at SLAC, USA) and DORIS (at DESY, 

Germany) have development programmes tnat will enable them to work 

ultimately at 4.5 + 4.5 GeV. 

No ep colliding beam system has yet been constructed. Germany has 

approved a development of the e+e - system DORIS to enable protons to be 

stored and machine physics studies to be made using a 3.5 GeV electron 

beam colliding with a 3.5 GeV proton beam. 

There are no approved projects for energies greater than those mentioned 

above although Germany, Italy, Japan and USA all have paper studies in 

progress considering new e+e- and ep systems. 

In section 3.1 below we present a general case for EPIC and in the 

following sections further details are given on the studies that can be 

made with an e + e - system and an ep system. 

3.1 General Case for EPIC 

The major advantage of a coli iding beam system is the greatly increased 

centre of mass energy_ The 30 + 30 GeV pp ISR system at CERN is working 

and has already produced unexpected and important results. Why is it 

necessary to build additional systems involving electrons? 

The interaction between protons is complex. Because protons are charged 

one force acting between them is electromagnetic; but the proton is also 

strongly interacting and can exchange pions, kaons and other mesons and we 

have no complete theoretical understanding of these much stronger effects. 

In addition the proton is itself a complex object - probably with \a 

complex substructure, and it is doubly difficult to probe this inner 

structure using another proton. 

On the other hand we have excellent theoretical understanding of quantum 
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electrodynamics (QED). Fig. 3.1 shows diagrammatically the major 

contribution to the ep interaction - the exchange of a single virtual 

photon. The incoming electron is inelastically scattered and a 

final state X is formed from the interaction between the virtual photon 

and the proton. The upper part of the diagram is well described by 

QED and the proton structure is probed by the well understood 

virtual photon of energy v and mass squared Q2, (where Q is the four-

momentum carried by the photon). 

Simi larly e+e- annihi lation reactions' are dominated by one 

photon intermediate states and fig. 3.2 represents e+ + e -+ X. When 

the final state X contains no strongly interacting particles 

(e.g. e+ + e -+ ~+ + ~-) QED can be used to calculate the expected 

cross section and angular distribution. Small corrections are expected 

from strong interaction and weak interaction effects but these can be 

estimated, identified and separated. Hence experiments can be made to 

check QED to less than 10-15cm, that is a distance smaller than 160 

the radius of the proton. 

If the final state X contains protons or other hadrons, one can 

investigate their sub-structure and determine some of the properties of 

their constituent parts - the partons. 

Electrons, muons and protons all experience the weak interaction. Our 

theoretical understanding requires that a messenger, or mediator, act 

between the interacting particles, but no suitab1e particle has been 

discovered in spite of many attempts to find it - ,it has been named the 

intermediate vector boson (or W). Fig. 3.3 represents e + p -+ v + X. 

A similar but neutral particle can contribute to e+ + e 

through the weak interaction. Fig. 3.4 represents this. 

At energies which are currently available the weak interaction effects 

are completely negligible compared with the electromagnetic effects. As 

the centre of mass energy increases the electromagnetic effects become 

smaller and the weak interaction effects larger. In the EPIC energy 

range one can hope to look for effects from both interactions and can 

even reach a sufficiently high centre of mass energy in the ep case that 

the weak effects should dominate. The experimenta11y observed weak 

interaction cross sections seen in v interactions increase as the square 

of the centre of mass energy_ This increase would result in 
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violation of pt·obabil i tv conservation (i .e. more comes out than goes in) 

if it continues to energies well beyond the EPIC range. One expects to 

see deviations well before this catastrophe is reached and hence 

fundamental discoveries are almost certain in the EPIC energy range. 

High Energy Physics is at the moment predominantly an experimentally 

led subject. Theoretical advances are dependent upon the provision of a 

1arge body of experimental data from which can be extracted certain 

patterns suggesting theoretical models - these models are then modified 

and refined by confronting them with experimental results testing their 

predictions. The provision of data such as momentum spectra, angular 

distributions, correlations, particle composition etc is the backbone 

the s'Jbject. EPIC VJi1 1 certainly make rich contributions of this 

At the energies reached at the CERN pp storage rings unexpected and 

important discoveries have already been made - such as the increase in 

pp total cross-section at energies greater than those available at 

conventional accelerators (see figure 3.5). This result should be 

checked and complemented by studies with other particles in the same 

energy region. Similarly other detailed measurements at the ISR would 

be of much greater significance if they could be supplemented by 

measurement of other reactions in the same energy region. EPIC would 

give such possibil ities; for example the yp total cross-section for 

hadron production is predicted to rise from 120 to 160 ~barns in the 

EPIC energy region if it follows the observed pp cross-sections. 

The detailed arguments presented above and in the rest of this report are 

a minimal case for EPIC. It is that which can be made now ~/ith our 

current knowledge of physics, our current understanding of accelerator 

physics and of experimental technique. The exploitation could start in 

about 1981 and although all relevant subjects may have made advances by 

that time, experience leads us to expect these to make the significance 

of EPIC much greater than our presented case. 

Indeed, in retrospect the best justification for building accelerators has 

been the discovery of the unknown and the unexpected. This is illustrated 

in table 3.1, where, for four classes of existing accelerators, the 
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original case is compared with the actual achievements. In all cases it 

clearly substantiates the claim that the case presented for accelerators 

when they are proposed is a minimal one. 

For EPIC the physics exploitation envisaged now is much greater and more 

significant that that presented for any previous accelerator and if this 

is in reality a small fraction of what it actually achieves - its future 

wi 11 be indeed dramatic. 

3.2 e + e - physics with EPIC (Stage 1) 

A. Hadron production in e + e - annihilation 

The kinematic region available at EPIC for the study of the fundamental 

and important area of e+e- annihilation into hadrons is "terra incognita" 

and this is one of the major attractions of the proposed device. In 

figure 3.6 we show an aspect of the new physical domain opened up by 

EPIC, and compare this with that appropriate to facilities presently 

operating, and planned to operate in the near future. The energy available 

will permit searches for hadron sub-structure of length less than 10- 15cm, 

equivalent to one part in a mi 11ion of the volume of the nucleon. 

An illustration that experimental results in new domains yield important 

surprises is given by the recent results from SPEAR on the annihilation of 

e + e - .Into hadrons. Figure 3.7 plots these results as a ratio R(s) for 

different s - (centre of mass energy)2, where 

rate for e+ + e ~ all purely hadronic stateR(s) 
+ +rate for e + e ~ V + V 

The experimental results increase linearly with s, in contradiction with 

a wide class of theories that predicted that the cross-section should 

exhibit IIsca 1ing", that is that R(s) should approach a constant value as 

s increases. 

Much of the conventional wisdom concerning high energy e+e- interactions 

stems from the parton model, discussed in section 2. Figure 3.7 gives value 

of R(s) predicted assuming a single intermediate photon and different 

quantum number assignments for the partons. The parton picture assumes 

that an intermediate. photon from the annihilatlon·of the e+e~-?air 

materialises into a parton-antiparton pair which further decays into 

12. 
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hadrons as illustrated in figure 3.8(a). The process is similar to 

e + e - -+]J+ +]J illustrated in figure 3.8(b). The theory assumes that 

the partons and muons are point charges of spin !, and predicts that 

the constant value for R(s) should be given by 

2I q.R(s) I 

all partons 

where q~ is the charge of partons of type i. The simplest scheme of 
I 

fractionally charged quarks with conventional statistics gives R = 2/3. 

An attractive elaboration gives R =2. We emphasize that R has reached 

6 at s = 25(GeV)2. Does this value persist at higher values of s, 

indicating that we shall have to change radically our ideas of nature1s 

underlying symmetry, or does it decrease to the expected values? 

The study of single hadrons (h.) from e+ + e -+ y -+ h. + anything i~ 
I 1 

also of gr~at interest. There are theoretical hints that a strong and 

direct relation should exist between the annihilation e+ + e -+ y -+ h. 
I 

+ anything, and the scattering e + h. -+ e + anything (see figure 3.9).
I 

If this turns out to be true then the substructure of all hadrons (h.) 
-- I 

can be investigated via e+e- collisions. This is in contrast to the 

colliding electron-nucleon systems which can only directly explore the 

constituents of protons and neutrons. 

The parton model demands the creation of a parton-antiparton pair by the 

photon. The manner in \I'Jh i ch poss i b 1e fundamenta 1 const i tuents may 

material ize into fami 1iar hadrons (see figure 3.8) is intrinsically of 

great interest, and could also be a crucial input to theories of the 

production of high transverse momentum particles from hadron-hadron 

coll isions at high energies. This is because the substructure of 

hadrons should be manifest at short distances - which correspond, via 

Heisenberg's uncertainty principle, to high transverse momenta. 

Measurements of hadron production in e+e- annihilation at EPIC energies 

should illuminate a whole range of apparently quite different purely 

hadronic processes. 

B. Muon produc 1 ion in e + e - annihilation 

As has been explained in section 3.1 the study of e + + e -+]J+ + ]J 
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is of interest both as a test of QED and because of possible weak inter­

action effects. The rate expected for the QED contribution to the 

reaction is close to 20 events/hour in each interaction region, which is 

adequate for precise experiments. We have remarked that recent results 

from SPEAR indicate an increase in the ratio~ R(s) as s increases 

(see figure 3.6). This increase is consistent with the reaction e+. + e 

hadrons simply being independent of energy. If this were to persist it 
2would require a catastrophic breakdown of QED for s ~ 2500 GeV. EPIC 

2could reach s ~ 1000 GeV and we would therefore expect to see a change in 

the behaviour of the annihilation cross-section to hadrons, or a break­

down of QED in the EPIC energy range. 

+ +Figure 3.4 represents a weak interaction contribution to e + e ~ ~ + ~ 

mediated by a possible intermediate heavy neutral particle Zo. This would 

be a neutral current contribution to the weak interaction. The question 

of the existence of such neutral weak currents is perennial, and only 

recently there has been evidence that such currents may indeed exist. 

They are required by some of the theories attempting to unify the weak and 

electromagnetic reactions. At EPIC energies the cross section for 
.,. - +

e" + e ~ ~ + ~ is expected to have a contribution from the electro­

magnet i c interact ion, a sma 11 cont ri but i on from the \"ieak interact ion, and a 

contribution from interference between the weak and electromagnetic effects. 

This latter effect is expected to be about ten percent and will also give 

rise to a forward backward asymmetry in the muon angular distribution. 

The EPIC design may allow the use of polarised beams. This would make 

possible experiments to detect parity violating effects which would reflect 

directly the character of the weak interaction and could not be mimicked­

by higher order electromagnetic corrections. The expected magnitude of 

these effects is about ten percent. The relative strength of weak and 
. ff . + +. 2e 1ec t romagnetlc e ects In e + e ~ ~ + ~ Increases as s , or as the 

fourth power of the primary machine energy. Hence weak interaction 

contributions cannot be seen at SPEAR or DORIS and the increased energy 

available with EPIC is crucial for such experiments. 

The study of e + + e ~ ~ 
+ + ~ at EPIC energies will increase our basic 

understanding of the weak and electromagnetic interactions. 
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C. Other e+ e reactions 

There is another class of e+e- reactions in which an e+e- pair remains 

in the final state. The general reaction of this type is 

e+ +' e ~ e+ + e + X. The cross sections expected exceed the 

annihilation cross section by more than a factor of a hundred at 

EPIC energies. The reactions can be recognised by detecting 

the e+ and e- in the final state. A large range of physics can be 

studied depending upon the nature of the final state e+e-X. Further 

tests of QED can be made when X contains no hadrons. If X includes 

hadrons one may consider them as produced by the collision of two 

photons, y + y ~ X. 

The 	 experiments probe the structure of the photon itself. 

3.3 ep physics with EPIC (stage 2) 

The physics that can be covered with an ep colliding beam system can be 

summarised under the fol lowing headings:­

a) 	 Deep inelastic scattering - investigation of the nucleon sub­

structure. 

b) 	 Weak interaction studies - of a fundamental interest in their 

own right but also yield information on hadron structure. 

c) 	 Photoproduction - yp reactions yield information that broadly 

complements and enhances the pp studies at the ISR. 

e lA. 	 Deep inelastic scattering (e + p + + anything) 

As discussed in section 2 the results of electron proton scattering 

experiments may be interpreted by assuming that the proton has a sub­

structure of point-like particles called partons. This behaviour was 

predicted theoretically by Bjorken and is one of the most significant 

discoveries in elementary particle physics. Its continued study is 

perhaps the foremost aim for the future. Existing data has been obtained 

for Q2 and 2Mpv ~25 GeV2 . Further measurements will be made using electron 
2 	 2and muon beams at the 400 GeV proton accelerators for Q and 2MpV~ 200 GeV • 

EPIC will a 1 1 ow a fur the r fa c tor 0 flO inc rease i n Q2 and v. F'i g u r e 3. 1 0 
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shows clearly the new kinematic region that EPIC wi 1 'I make avai lable ­

the increase is dramatic. 

Scal ing can be used to extrapolate the existing data to this new energy 

region resulting in a predicted counting rate shown in figure 3.11. 

Such rates could be observed and the scaling assumption tested for a 

range of Q2 and v 100 tio-es greater than that currently covered. A 

breakdown of scaling would occur if a new length or energy scale 

existed - corresponding for example to a non-zero size for the partons 

or to the production of free partons. 

Detailed mea~urements of the cross sections, particle compositions, 

rr~mentum distributions, multiplicities and correlations in the final 

states will enable the nature of the sub-structure to be probed care­

fully. One can expect to determine the spin and charges of the partons, 

their momentum distributions and their basic interactions. 

B. Weak interaction studies 

As was mentioned in section 3.1 EPIC will enable a collision energy and 

values of Q2 to be reached at which weak interaction rates have become 

as high as electromagnetic rates. It will therefore be of great interest 

to choose a reaction that necessarily proceeds via the weak interaction 

and compare the cross-sections with those for deep inelastic electron 

scattering. Such a reaction is:­

e + p ~ v + anything 

It is not practicable to detect the v directly, but one can detect all 

other particles, note the absence of an electron in the final state, and 

deduce that a neutrino was produced by a large imbalance in momentum at 

right angles to the beam direction. The feasibil ity report includes a 

careful study of such an experiment and concludes that the measurements 

can be made. Figure 3.12 is a sketch of the large solenoid detector 

required. The electromagnetic reaction, e + p ~ e l + anything, is readily 

identified by observing the inelastically scattered electron. Figure 3.13 

compares the weak and electromagnetic interaction rates for two different 

values/of the proton energy in EPIC. It demonstrates that, as Q2 

is increased at fixed energy, the weak rate increases relative to the 
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TABLE 3.2 

Effect of finite values of the intermediate vector boson rrass on the total 
weak interaction rate at EPIC 

2
M GeV/cw 

Events/day 

P =14 e = 80 GeV/cPp 14Pe = p =200 ~eV/cp 

00 28 96 
80 22 60 
I~O 10 26 

The rates shown are calculated for that part of the Q2_v plane where the ratio 

of the weak to electromagnetic cross-section is predicted to exceed 0.01. 

TABLE 3.3 

Rates for some photoproduction reactions that can be studied at EPIC 

Experi ment Cross Section Rate Physics Interest 

Total Cross Section 1) 

2) 

0T tQ., (120 + 

70/12Mv) llb 

°T (yP) 
( ) - const 

°T PP 
II 

Does yp total cross­
section follow an 
extrapolation of 
present trends or does 
it increase like p - p 
cross section? 

Diffractive Scattering 

yp -+ pp 

wp 

tP 

6 s-l 

1 s-l 
-10.5 s 

Momentum transfer 
dlstributions at small 
QL. (0 < Q2 <1 GeV/c)2) 

Inclusive reaction 
yp -+ h + anything, 
where h is an ob­
served hadron or photon 

60 s-l 

Compari son wi th 
p + P-+ h + anything 
at ISR energies. 

Compton Scattering 
yp -+ yp 

3 per 
minute 

Tests of dispersion 
relations 



electromagnetic rate, and also that the total weak rate rises as the 

machine energy is increased, whereas the total electromagnetic rate 

fall s. 

The calculations are made assuming that the Iistructure functions" 

describing the interaction of the weak current with the proton are the 

salre as that for the electromagnetic interaction - which is itself 

extrapolated from energies one hundred times below the BPIC regime. We 

make no apology for these gross and probably unjustified assumptions ­

the purpose of EPIC is to find the true situation and only guesses can 

be used at this stage. 

A further assumption has been that the intermediate vector boson, which 

may mediate the weak interaction, has infinite mass. Table 3.2 shows 

the effect of other values of the mass (M ) on the expected counting rate ­
w 

thus demonstrating that one wi 11 be able to "measure ll M . 
w 

As one has to detect all particles in the final state additional detailed 

information on the structure of the proton and even on possible structure 

of the W itself may be obtained. 

These experiments are difficult, the counting rate is low, but even with 

existing techniques they are possible and fundamental discoveries are 

almost certain. 

C. Photoproduct ion 

e lIf the process e + p + + X is measured for small values of Q2 and 

extrapolated to Q2:0 the cross section obtained is the same as that for 

real photons for Y+ p + X. Small val ues of Q2 correspond to small 

scattering angles for the electron and one can place detectors to select 

low Q.... 
? 

events and measure " photoproduction" cross sections. 

For energies reached in coll iding beam systems yp studies are the only 

ones that can complement pp studies. The effective luminosity of EPIC 
.. b 5 1029 -2 -1 h' h . .f or yp reactions IS a out x cm sec w IC gives counting rates 

that are quite high. Table 3.3 lists some of the reactions which have 

adequate rates. It is important that most of the physics programme at 

the CERN ISR be repeated using yp rather than pp. The two sets of 

measurements are complementary and together are of much greater use than 

either independently. 
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4. THE EPIC MACHINE DESIGN 

The recommendation stemming from the feasibil ity study is that EPIC should be 

built in two stages. Stage 1 should consist of a single storage ring containing 

electrons and counter-rotating positrons (figure 1.1 (a)). After some years 

spent in the investigation of e+e- physics an additional ring could be added, 

thus making possible the study of e-p reactions (figure 1.1 (b)). To leave 

space for the extra ring, the storage ring tunnel will be made slightly larger 

than would be necessary for the e+-e- ring alone. However, the premium to be 

paid for this will only be a few per cent of the total cost of the project. 

Extra RF cavities could be added to raise the e+e- coll ision energy to at least 

34 GeV centre of mass energy and possibly to 40 GeV. 

The average radius of the tunnel, which will be only a metre or two below ground 

(figure 4.1) is nearly 350 metres. The construction of the experimental areas 

and ring tunnel on the site of the Rutherford Laboratory presents no problem. 

It is planned to make use of NINA, in a modified form, as a booster injector 

of electrons, positrons and (later) protons. It will be housed partly in what 

is now Experimental Hall 1. Besides the many existing buildings, beam-l ine elements 

and power suppl ies of which the project will take advantage, the new 70 MeV linac 

from NIMROD will serve as an excellent injector of protons for NINA,and the 

existing NINA electron 1inac, somewhat improved, will be used to inject electrons 

and positrons. The current cost for provision of this existing equipment would 

be about £7M. 

For storage rings the event rate can be calculated by mUltiplying the cross 

section for a particular process by a factor called the luminosity, which is 

proportional to the product of the numbers of particles in the colliding beams; 

obviously, the more particles there are circulating the greater the chances of 

a coll ision occurring. In addition, the event rate can be increased if the 

beams can be reduced in cross sectional area at the collision point. This is 

brought about by incorporating strong magnetic lenses at each interaction 

region. In the first stage of EPIC, the electron and positron stored beams 

will each consist of two bunches, there being about 5 x 10" particles per bunch. 

Like bunches will be separated by 1800 of machine azimuth; there will be four 

interaction regions, at which the beam size will be about OQ02 cm high and 0.06 cm 

10 32 2wide. At each coll ision point the expected luminosity is about 0.4 x cm­
1 sec- , which is an order of magnitude greater than that at the CERN ISR. 
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The electrons and positrons will emit copious amounts of synchrotron radiation 

because of the transverse acceleration in the bending magnets. A very powerful 

RF accelerating system will be needed to replace the 1-2 megawatts that will be 

lost 	through synchrotron radiation. 

There are no machine physics uncertainties in the design of such an e+e - system. 

It can be costed accurately,and built with existing technology_ 

It is not essential for the protons of Stage 2 to be bunched. An example of an 
14unbunched system is the ISR at CERN, where well over 10 protons are stored in 

each ring. EPIC would require at least as many for the unbunched case (together 

with the beams crossing at an angle, instead of being col linear), but in opting 

for a bunched system we are able to reduce this figure by two orders of 

magnitude without loss of luminosity. Not only will the machine costs be less, 

but radiation shielding wil I also be much less expensive, and the consequences 

of accidental loss of the beam to the vacuum chamber wall and magnets not nearly 

so damaging. 

The 	major undertaking of Stage 2 would be the installation of a second magnet 
+ - (ring above the e e ring figures 1.1 and 4.2). This proton storage ring could 

have either conventional or superconducting magnets, resulting in proton 

energies of 80 or 200 GeV respectively. Vertical bending magnets bring the 

paths of the beams into coincidence at the four interaction regions (figure 4.2). 
, 

With four bunches of each type of particle circulating, the theoretical 
. .. 10 32 -2 -1 h 11umlnoslty IS ~0.5 x cm sec at t e ower proton energy. 

Major problems are presented by the fact that protons do not undergo radiation 

damping; furthermore, the difference in path length required to equalise 

circulation time of the protons and electrons changes as the centre of mass 

energy is varied. To achieve the quoted luminosity for an e-p ring, the design 

has had to allow for the following factors: 

(a) 	 Very large and carefully controlled RF voltages required to minimise 

the proton bunch-length and diffusion rate. 

(b) 	 The creation of a variable path-length difference between the electron 

and proton rings in order to allow centre of mass energy changes. 

(c) 	 The synchronisation of the two beams in the collision mode. 

1 9. 
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TABLE 4. 1 Basic Capital Costs for EPIC (£M) (excluding staff costs) 

Additional cost of Stage 2 (e-p) 
Stage 1 


(e+e - ) 
 OrEither 4 8 1 - 0 GeV 14-200 GeV 

Linacs 0.22 

Transfer 0.05 

Booster 1 .00 

Total Injection 1.27 O. 1 O. 1 

Magnets 2.4 4.75 14.7 

Vacuum 1.55 2. 1 3.6 

RF 2.2 1.5 1.5 

Miscellaneous 0.57 2.2-=..L 
Total Main Ring A 6.72 

Total Main Ring B 8.85 22.00 

Power Supp1 ies and contro 1 s 2.95 2.25 3.25 

Refrigerator 3.05 

Buildings, services etc 6.25 0.59 1 .91 

11 .817.2 30.31 

1.2Design 10% 1.7 3.0 

Ins ta 11 at ion 10% of equip. 1.0 1.0 ~ 
£14.0M £36.3MTOTALS £19.9M 
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(d) 	 Acceleration of the protons without degrading the beam size and 

angular divergence. 

(e) 	 The defocussing effect of the electron beam on the protons. 

Only 	 (d) and (~ represent major uncertainties which have yet to be clarified. 

Much theoretical work is being done on these problems in Europe and the USA, 

and together with experiments to be made at DESY and the ISR, this should 

provide adequate understanding of the important problems within the next few 

years. 

The feasibil ity study has provided initial cost estimates for the different 

components of EPIC (see Table 4.1) and has shown that the scheme is technically 

viable. A short list of parameters is given in Table 4.2 below, and a more 

detailed technical description of the project will be found in the full 

feasibility reporto 

TABLE 	 4.2 

Mean radius (met res) 

No'. of interaction regions 

Length of each in t. region (metres) 

Maximum momentum p (GeV/c) 

Q-value 

Peak R.F. vo 1ts (MV) 
.'. 

Natural bunch length (em) 
"i':

Enhanced H-amp at X (em) at p 
"Enhanced V-amp at X (cm) 

For e -p collisions: 

No. of bunches/beam 

No. of particles/bunch 

Luminosity/int. region (cm- 2 sec­ 1) 

For e--e+ collisions: 

No. of bunches/beam 

No. of particles/bunch 

Luminosity/int. region (cm- 2 sec-I) 

* Ampl itudes marked amp are 2 times RMS 

348.8 

4 

17 

e-ring p- ring 

14 80 

19.2 19.3 

42.8 3.0 

3.5 35.0 

0.06 0.102 

0.016 0.031 

4 4 
5 x 1011 7.5 x 1011 

0.5x10 32 

2 

5 x 10 11 

'\, 0.5 x 10 32 

values. X is Interaction Region 
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5. CONCLUSIONS OF THE EPIC FEASIBILITY STUDY 

The feasibil ity study involved 78 physicists who produced 120 reports. 

The subjects covered included not only the machine physics, e+e- physics 

and ep physics outlined in this brief report, but also experimental 

utilisation, the possibility of the use of polarised beams, storage and 

use of deuterons, pp physics and provision of test beams from the booster 

accelerator. Further information may be found in the reports listed in 

the appendix. 

The 	 conclusions of the study are:­

a) 	 A 14 + 14 GeV electron positron colliding beam system can be 

constructed with known technology for approximately £20M, 

excluding staff costs. Its luminosity at 14 + 14 GeV would 
31 -2 -1be 4 x 10 cm sec and its energy could be raised to 

about 17 + 17 GeV at somewhat reduced luminosity. 

b) 	 The physics programme that can be undertaken with this machine, 

using known experimental techniques, is of world class and 

fundamental discoveries are almost certain. 

c) 	 Provided that early approval for construction could be obtained 

we could be better placed than other European nations to build 

the accelerator. Such opportunities are extremely rare and the 

participants in the feasibility study strongly press the Nuclear 

Physics Board of the Science Research Council to seek approval 

for the early construction ofa 14 + 14 GeV e+e- system as a 

first stage of EPIC. 

d) 	 The long-term objective should be the addition of a second 

accelerator ring to enable ep physics to be studied. The 

existing machine physics uncertainties should be resolved in the 

next few years. The physics that can be studied is complementary 

to that investigated with an e+e- system and also to that 

studied using the CERN pp ISR system. 
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