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PREFACE 

The potential role of storage rings in the high energy physics 

program at the Fermi National Accelerator Laboratory was recognized 

early in the project. In the summer of 1968, following the design 

development of the present Fermilab accelerator, a study was made of 

a system of 100 GeV proton storage rings; however, with the construction 

of the Laboratory underway, a continuation of that design effort was 

not then feasible. 

Four years later, as the accelerator came into operation and the 

experimental program was initiated, it became timely to examine the 

question of what major additional facilities would be appropriate 

to further exploit the potential of the Laboratory. Of course, storage 

rings were not the only possibility - new experimental areas, a large 

multiparticle spectrometer, and a bubble chamber as successor to the 

15 foot chamber then under construction had been suggested. In order 

to advise the Laboratory as to which course to pursue, the Director 

asked a representative group of physicists to serve as a Long Range 

Advisory Committee. Following a Summer Study at Aspen, Colorado in 

1973, attended by some 80 physicists from throughout the United States 

and abroad, the Long Range Advisory Committee recommended, 1n December 

of that year, that the primary goal for new construction at the Fermilab 

be a storage ring system on a scale suitable to permit the collision 

of 1000 GeV protons with 1000 GeV protons and with 20 GeV electrons. 

The Committee, observing that in their specific choice of proton energies 

they had been influenced by the possibility of an Energy Doubler, 

qualified their recpmmendation with the statement that the largest 

step in energy and luminosity consistent with technical and economic 

reality be undertaken. 
-i-
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Following the concurrence of the Trustees of the Universities 

Research Association with the Committee findings, in the Spring of 1974, 

the Director initiated a design effort on the recommended facility 

and assigned to it the acronym POPAE (Protons Q_n f_rotons and Ilectrons). 

This report summarizes the first phase of that activity. 

Our study has been based on the plans outlined at the Aspen 

Summer Study. In addition, we have been guided by discussions at two 
11workshops 11 conducted in recent months. The first of these was organized 

by L. C. Teng of Fermilab and the emphasis was on machine problems -

beam dynamics of storage rings, superconducting magnets, and so on. The 

second was arranged by M. L. Goldberger of Princeton University and was 

coneerned with the high energy physics aspects, both theoretical and 

experimental, of ·poPAE. It is our hope that the design will continue 

to evolve with the aid of meetings of this sort in order that the plan 

reflect the interests of the prospective users. 
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In assembling and editing this report, I have attempted to make the text 

an accurate synthesis of the views and contributions of the various authors. 

Should the reader find obscure passages or errors of interpretation, the 

responsibility is mine. 

D.A. Edwards 
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I. INTRODUCTION 

A. Design Goals and Constraints 

POPAE as conceived at the 1973 Aspen Summer Study and recommended 

for design development by the Long Range Advisory Committee is a storage 

ring facility on a scale suitable to permit the collision of 1000 GeV 

protons with 1000 GeV protons and with 20 GeV electrons. The luminosities 

were specified at 1034cm-2sec-l for proton-proton and 1032cm-2sec-l 

for the electron-proton intersections. The general location of the 

facility as sketched at Aspen was to be to the east of the present main 

accelerator, encircling the Fermilab Village. 

This phase of our study as described in this report has been carried 

out with adherence as closely as possible to the above outline. There 

are many ways that storage rings of various dimensions can be placed on 

the Fermilab site - here, we have been concerned only with the elaboration 

of the specific case suggested at Aspen. 

We have found some modifications to be useful for the purposes 

of our study. The major change has been in the shape of the layout. 

At Aspen, a 240 meter length for each of the eight symmetrically disposed 

long straight sections was estimated to be sufficient to accommodate 

both the experiments and the machine components to attain beam optics 

necessary for the interaction region. Further study indicated that 

240 meters was insufficient, ar:id'in order.to retain the 1000 GeV scale 

and general locations of the rings, we have considered a racetrack form 

for POPAE, with approximately the same total straight section length as 

the Aspen version. 

Another less significant change has been a slight repositioning of 

POPAE in order to avoid the region of most probable expansion of fixed 
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target experimental areas at the Fermilab. Thus, the layout appearing 

in this report does not make use of the present external beam lines 

for proton injection to one of the storage rings. 
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In common with the 1973 Summer Study plan, we have not yet-taken into 

account any potential geometrical interference with a site-filling fixed 

target accelerator; however, it is a requirement that a fully developed 

design not foreclose that option. 

B. The Design Procedure 

In order to proceed with the evolution of a design, it is necessary 

to impose some constraints in addition to those in the preceding section. 

For this study, we will assume that we are designing proton storage 

rings to receive their injected beam from the present Fermilab synchrotron 

up to the energy at which it has demonstrated successful operation, 

namely, 400 GeV, and that the magnetic field of the bending magnets 

in the storage rings will be 18 kilogauss. 

These presumptions remove from present consideration a number of 

unanswerable questions which can be debated endlessly and, most likely, 

profitlessly. Foremost among these are, first, the probability of 

existence of the Energy Doubler and the intangibles concerning its 

suitability as an injector for a storage ring, and, second, the 

magnetic field levels that can be achieved by high quality, economical, 

and reliable superconducting magnets. 

The physical scale of POPAE is unchanged by this approach, for the 

Aspen group had based their layout on 1000 GeV protons steered by 

45 kilogauss magnets. But our more limited focus provides a mechanism 

for proceeding through the design process without wrestling with a 
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host of unknowns. Of immediate and great benefit is the unambiguous 

definition of the proton injector performance, for the injector 

characteristics are of paramount importance in the design of storage 

rings for protons. 

We will not deliberate upon the manner in which 1000 GeV proton 

energies in the storage rings are to be eventually achieved; 400 GeV 

proton storage rings are interesting in themselves and could represent 

an intermediate step to the 1000 GeV region. Though this report 

assumes that the protons are to be injected at the energy of storage 

(aside from the modest energy changes involved in stacking the beam), 

we do not exclude the eventual examination of acceleration of the high 

current beam in the storage rings to above 400 GeV in the event that 

an appropriate injector is not provided. 

We have no illusions about the prospect that a facility confonning 

to our design procedure would actually be constructed. One need only 

observe that the present Fermilab synchrotron was initially conceived 

and funded as a 200 GeV machine, yet now offers the promise of operation 

at energies in the neighborhood of 500 GeV. The same evolution would 

doubtless occur in this context, in a way that we cannot visualize 

at this writing. However, the procedure that we have adopted creates 

a relatively definite perimeter within which to conduct our study for 

the near tenn, and it is likely that such a study will form a basis for 

subsequent excursion beyond these boundaries. 

A word about magnets is appropriate at this stage - even though we 

speak of 18 kilogauss dipole magnets, it is presumed that whatever 

dipole magnets are used in the proton storage rings that they will of 

necessity be constructed of low or vanishing resistivity conductors in 

view of the present climate of opinion regarding energy utilization. 

-3-
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We select 18 kilogauss as a figure consistent both with the design 

constraints imposed on us and with a field level that is surely attain

able with high quality in magnets having iron yokes and superconducting 

coi 1 s. 

Thus, throughout this report, unless otherwise specified, we take 

the proton energy to be 400 GeV and all dipole magnets, whether in 

injection lines or in the rings, are at or below the 18 kilogauss level. 

In the same spirit, quadrupole '9r~dients are- limited to 9 kilogauss per 

inch. 

C. Summary and Status 

The layout of the present version of POPAE on the Fermilab site 

is sketched in Figure 1. The proton storage rings have two long 

straight sections, one of length 928 m to the west and the other of 

length 1159 m to the east. That the straight section lengths are 

unequal is a consequence of the east-west asymmetry of the system as 

regards injection. On the western side of POPAE, a number of short 

straight sections have been introduced into the "semi-circles" at 

either end to accommodate injection equipment; these short straight 

sections are not necessary on the eastern side and the corresponding 

space can be filled with bending magnets thereby increasing the east 

long straight section length. 

The two long straight sections are parallel to each other and 

parallel to the eastern boundary of the site. The racetrack shape 

permits rings of a scale consistent with the design procedure to fit 

in this general location on the site without crowding the power 

transmission line to the east or the main accelerator to the west. 

-4-
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Insofar as the machine optics are concerned, several interaction 

regions are possible in each long straight. Nevertheless, the layout 

under current consideration contains but two experimental regions on 

each side. There are several reasons for this. Foremost among these 

is the feeling that a facility of this magnitude should not from the 

outset be tailored to today's preconceptions of its use but should 

rather be planned with the potential for future development. In the 

abs'trect, one can scarcely take exception to this sentiment. For a 

fixed target accelerator, it is relatively easy to allow for future 

expansion of experimental areas with a minimum of repercussions for 

the design and placement of accelerator enclosures and systems. In 

a storage ring, however, the experimental areas lie between pieces of 

machine, which play the role of beam transport systems repetitively 

delivering beam to those areas. If at a later stage, an expansion of 

experimental facilities is found desirable, one will be confronted with 

an existing complex of machine enclosures, components, injection 

transports~ and so on, reconstruction of which would be unrealistic to 

contemplate. Rather, the ultimate extent of the experimental facilities 

for a storage ring system must be judged from th~ beginning. Cf course, 

this argument must ultimately be tempered by the rea-lities of costs. 

A second reason for not immediately fitting the long straight 

sections to the mix of interaction regions that have been recommended 

to be suitable ari.Ses from the suspicion that as time goes on and 

potential users think about other varieties of experiments that may be 

conducted at a facility such as this, additional insertion requirements 

will arise. It is obviously, we hope, preferable that the design 

exercise not be reset to the beginning with each new added feature. 

-5-
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Finally, we offer two other reasons for leaving space in the long 

straight sections. One is experimental: what degree of decoupling or 

shielding is needed between detection apparatus at neighboring interaction 

regions in one straight section? The other has to do with beam dynamics. 

Any modern storage ring design, regardless of its apparent symmetry, 

will be· nevertheless a periodic focusing system of one-fold rotational 

symmetry when operated for the diverse interaction region requirements 

for which it has been constructed, and, at least during the initial 

phases of its running, will need an allocation of adequate space for 

beam optics systems which are necessary for the compensation of the 

consequences of low periodicity. 

In Figure 1, we have indicated that there are two high luminosity 

regions for proton-proton collisions in the west straight section. At 

the south end of the east straight section, there is a multi-purpose 

interaction region for the study of processes, such as el as tic proton

proton scattering, which can sacrifice peak luminosity in preference to 

improved access to particles emitted at small angles from the interaction 

point. 

The other experimental area on the east side is for electron-proton 

interactions. We have, relatively briefly, examined two versions of 

theel:ectron ring selection between which will depend on response to 

this report and on cost estimates that have not yet been made. The 

small dotted oval in Figure 1 represents a 10 GeV electron storage 

ring in an enclosure of its own. The second option is a 20 GeV electron 

storage ring following the same tunnel as the proton storage rings. 

This report represents a first pass through the conceptual 

design of a storage ring system consistent with the goals, constraints 

and biases stated above, and may be used as a basis for a new phase. 

The next two chapters treat the proton and electron storage rings, 
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primarily from the machine builders point of view. Site factors are 

discussed in Chapter IV, using topographic and subsurface data developed 

prior to and during the construction of the Laboratory. 

-7-
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II. THE PROTON STORAGE RINGS 

A. Introduction 

Generally speaking, the luminosity at a beam crossing point is 

proportional to the current in each beam and the length through which 

the beams overlap and inversely proportional to an effective cross 

sectional area of the beams. In pressing toward high luminosity, 

primarily one seeks to increase the currents and reduce their areas. 

The length of the overlap region is less useful as a variable, for 

experiments are apt to prefer that the 11 target" size remain within 

bounds appropriate to the detection apparatus. 

High luminosity is of no value if it is accompanied by intolerable 

backgrounds. The minimization of beam loss deserves as great an 

emphasis in storage ring design as the improvement of luminosity; 

unfortunately, it is a more difficult subject to quantify and the 

ingenuity displayed by particles in straying from their assigned 

course is considerable. Certain of the loss mechanisms - particularly 

some of the more catastrophic ones - are reasonably well understood as 
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a result of experience on accelerators and storage rings, and accommodation 

can be made in the design from the outset. Beyond those predictable 

processes, prudence dictates that space allowances be made in the lattice 

and in the aperture so that a degree of freedom will be available for 

necessary modifications and additions during operation. 

There are three principal means or steps in achieving small beam 

size. Of these, the most fundamental has little to do with the storage 

rings themselves; rather it is built into the injector. Perhaps the most 

important single input parameter to the design of a proton storage ring, 

not only for luminosity but for losses as well, is the transverse emittance 
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of the proton source. For this reason, the next section is devoted 

to the beam properties of the Fermilab proton synchrotron. Secondly, the 

optics in the storage ring can be arranged to reduce the beam area at the 

intersection point, and this is the role of the "insertions" discussed in 

Section D below. Thirdly, scraping or trimming of the beam can be used 

to enhance the current density and to assist in localizing the intersection 

region. 

High current is obtained by filling the storage rings with a suitably 

large number of protons from pulse after pulse of the injector. Employing 

stacking in momentum space, the ISR has achieved beam currents of 30 amperes 

in each ring. In achieving long term stability of a single high current 

beam, a number of phenomena must be taken into account, such as 

- beam induced pressure instability 

- transverse and longitudinal wall impedance instabilities 

- incoherent single beam tune shift 

- nonlinear resonances and access to them by intra-beam diffusion 

- effects of trapped electrons or ions 

The extent to which these processes represent limitations tends to be 

reflected in the choice of aperture, some discussion of which will be found 

in Section E below and will doubtless appear as a continuing topic in 

subsequent phases of this study. 

A single-beam characteristic whose roles as a potential performance 

limitation is difficult to assess is the kinetic energy stored in the 

beam. A 10 ampere beam containing 2 x 1015 400 GeV protons represents 

an energy of 128 MJ. Though a large number, there is no.! priori reason 

to consider it to be outside the bounds of possibility. We comment on the 

problems associated with disposal of such a beam in Section H. 
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Given two beams of suitable intensity and cross sectional area, 

when they are brought into collision, each beam acts with an extremely 

nonlinear force on the other. It has become conventional to characterize 

this inter-beam effect by a single parameter - the so-called linear tune 

shift. What the limiting value of this parameter may be is not known 

experimentally. In the absence of a limit derived from experience, the 

value of .005 for proton-proton collisions is often used as a reference 

figure. Beam-beam tune shifts below .005 are felt to be safe, while tune 

shifts above .005 are pushing toward some potential limit. In this 

report, we do not regard any particular value of the tune shift as a hard 

and fast limit; we have, however, sought to insure that interesting 

luminosities would be achieved in POPAE without large values of the linear 

tune shift. 
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B. The Injector 

The Fermilab accelerator and its operation for the fixed target 

experimental program has been described extensively elsewhere; 1 here we 

will only discuss its characteristics as an injector for the proton 

storage rings. 

The accelerator consists of three major subsystems - the linac, 

booster and main ring. The linac accelerates protons to a kinetic energy 

slightly over 200 MeV. At a current of 100 mA, the emittance containing 

90% of the beam is typically 10~ mm mrad and some 20% less under optimum 

conditions. The linac pulse length is such that the linac beam may be 

injected into the booster for several turns; the ultimate performance 

figures for the accelerator system insofar as intensity is concerned were 

based on four turn injection to the booster. 

Today, a multi-turn mode of injection into the booster is normally 

employed. Thereby, the transverse phase space area in the horizontal 

plane of the booster beam is increased by more than a factor of two at 

injection. Horizontal-vertical coupling may then increase the vertical 

phase space area as well. For storage ring use, in order to capitalize 

on the small linac emittance, it is desirable that the single turn mode 

of injection into the booster be used, provided that the filling time 

for the storage rings is reasonable and that the momentum width of the 

stacked beam is not excessive. 
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The main ring has a circumference 13~ times that of the booster, and 

is filled by· a sequence of 13 pulses from the rapid cycling 15 Hz booster. 
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To date, single turn injection into the booster has yielded main ring 

proton beams of up to - 1013 protons per main ring cycle. We feel that 
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the gradual increase of booster performance over the years, particularly 

as the debuncher between the linac and booster is exploited and as 

additional radiofrequency cavities are installed in the booster to improve 

acceleration efficiency, insures that 1013 protons per main ring cycle 

will be a conservative estimate of booster performance for single turn 

injection. 

A circulating beam in the main ring of 1013 protons represents a 

current of 76 mA. The storage rings are 35% larger in circumference 

and lOA is the sort of current that one would like to store in each. 

Thus, to fill one ring, some 2 x 1015 protons would be required, or 

200 main ring cycles for each storage ring. 

At 5 seconds per accelerator cycle, 17 minutes would be required 

to deliver 2 x 1015 particles to one of the storage rings. Allowing 

for filling efficiencies of the order of 50%, one requires only one hour 

of accelerator time to fill both storage rings to lOA. Recognizing that 

the one hour filling time is apt to be comparable to the time required to 

set up the accelerator for the filling operation and to convert back to 

the fixed target experimental program, we conclude that the low-emittance 

single turn into the booster mode is both reasonable in filling time and 

desirable for luminosity, and we will base our performance estimates 

upon this presumption. 

The emittance of the main ring beam at 300 GeV was studied by 

two techniques in the spring and summer of 1973 and the results were 

reported in the proceedings of the 1973 Aspen Summer Study. 2 With 
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single turn injection into the booster, the main ring intensity at that 

time was about 4 x 1012 protons per cycle. The beam profile could be 

well represented by a gaussian out to 3 standard deviations, and the 

measurements yielded 

cr = 2/3 mm at 8 = 79 m 

3/4 mm at (3 = 98 m 

in the horizontal plane and very slightly smaller results in the 

vertical. If we define the emittance,£, as the phase space area in one 

transverse dimension containing 95% of the particles, then for a 

Gaussian beam 

67fcr2 
£ = --(3 

and from the average of the two measurements we have 

£ = 3~ 7f mm mrad at 300 GeV 

A scaling of the linac emittance with momentum would predict an emittance 

of -0.0297f mm mrad. 

Since mid-1973, though the main ring intensity obtained from single 

turn injection into the booster has increased, there has been no apparent 

increase in the emittance. Pending a remeasurement, we will use the 

figure above for both the horizontal and vertical emittances at 300 GeV 

and scale inversely with momentum to obtain the emittance at other 

energies. 
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The longitudinal emittance has been obtained from observation of 

debunching at high energy after the rf system is turned off and from 

the phase length of the bunches. In canonical coordinates, ~E/wrf and 

~$rf' the bunch area is 0.1 eV·sec. 

Above we mentioned a 5 second cycle for acceleration to 400 GeV~ 

This short a cycle cannot be performed at present, but a limited number 

of accelerator systems modifications, some of which are already underway, 

will permit this cycle time to be achieved. Additional accelerating 

stations are being installed in the main accelerator to increase the 

ramp rate to 150 GeV/sec. At this ramp rate, a main ring cycle might 

consist of a 1 second injection dwell time (as at present), 2.67 second 

acceleration time, 0.33 second flat top and 1 second recovery time to 

the injection level. The average main ring power for this mode is 45 MW, 

which is acceptable. The rms power is 80 MW, which exceeds the present 

60 MW rms power limitation of the feeder between the master substation 
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and the main ring. However, it is presently planned to upgrade this feeder 

to 80 MW, though on an unspecified time scale. An increase of the duty 

factor of the main ring radiofrequency system to that considered here 

would probably require an additional anode power supply. 
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C. Description of the lattice 

The proton storage ring lattice has been developed on the basis of 

the following considerations3, in addition to those defined by the design 

procedure in Chapter 1: 

1. We assume the two proton storage rings to be located one on 

top of the other. The two oppositely circulating beams are 

brought together in the vertical plane to collide with each 

other. 

2. The most economical normal cell is the FODO cell, and the most 

advantageous phase advance per cell for the placement of beam 

manipulating elements is 90°. We take the normal cell length 

to be 60 m, essentially the same as that in the main ring. 

Four bending magnets, each about 6 m in length, are placed 

between successive quadrupoles. 

3. To facilitate the design of matched insertions in the straight 

sections, all pairs of corresponding quadrupoles in the two 

rings are assumed to have opposite focusing actions on the 

two beams, hence the same gradient polarity. 

4. The lattice modifications to accommodate injection to the 

clockwise and counterclockwise rings will be identical in 

both rings and the injection points will be symmetrically to 

the north and south of the midpoint of the west long straight 

section. 

5. The bending elements in the north and south arcs will be 

distributed so as to bring the momentum dispersion function 

to zero or nearly so throughout the long straight sections. 

-15-
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For injection, we follow the method outlined in the 1968 Fermilab 

storage ring report4, which utilizes full aperture kickers to produce 

a transient localized orbit distortion positioning the injected beam 

orbit on the "other" side of a septum. It is also desirable to modify 
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the momentum dispersion function in the injection area so that this function 

will be large at the septum position. An arrangement which provides space 

for the injection elements and accomplishes the modification of the 

momentum dispersion function is sketched below. 

All of the half-cells have their normal complement of four bending 

magnets except those labeled K1, K2, Sand R. The bending magnets are 

left out of the half-cell at S to provide space for the injection septum. 

The absence of these magnets will create a distortion in the dispersion 

function in addition to the one we want; to localize it to the vicinity 

of S, we also leave four bending magnets out at R, 180° in betatron 

phase away. Four bending magnets are also left out at both K1 and K2, 

the kicker locations. The kickers should be an odd number of quarter 

wavelengths upstream and downstream of the septum. We can also enhance 

the dispersion function at S by taking this odd number to be 3 (or 7, 11, 

etc.), so that between K1 and K2 we have a perturbation in the dispersion 

function of the form: 
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The injection portion of the lattice then consists of a ~et of four 

half-cells without dipoles distributed among normal cells as sketched 

above which can be moved through the north and south arcs in half-cell 

increments to yield a variety of injection points. 

Dispersion reduction for the long straight sections can also be 

effected by omission of dipoles from the normal lattice. 

Consider two series of cells I and II with bending magnets in 

alternate half-cellst as sketched below. For clarity the diagram is 

"' ~ .... II J m- ~~ 

4- ~ 

le t . I I i e 
Fl DI F2 02 F3 D3 F4 D4 
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drawn in thin element approximation although the argument is 'quite 

independent of this approximation. The sum of these dispersion functions 

gives that of the normal cells. Since series II is simply series I traced 
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backward, the designations of the values and slopes of the dispersion 

functions given in the figure are self-evident. If now one terminates 

series I at o2 after a phase advance of 180°, the dispersion and slope at 

o4 will be the negatives of those at o2. Adding the truncated series I 

to series II, the dispersion and slope at o4 are then d - d = 0 and 

-m + (m~ ~) = - ~ respectively. Ai bend (2 cell dipoles) at o4 
will make dispersion zero to the right of o4 which is then the begimning 

of the straight section. Similarly if series II is terminated at F2 
and added to the un-tenninated series I, the dispersion and slope at 

F4 will be f - f = 0 and m - (m+ ~) = - ~respectively which is also 
e made zero to the right by the 2 bend. This dispersion transition section 

then 1 ooks 1 i ke 

normal curved section +/+ dispersion transition section +I+ straight 
section 

I 1 I I I j 1 I I I ( ti lllll 8~8 
F D F D F D F 

or 
D F D F D F D 

the geometry being identical for both rings. 

The normal cell as discussed in greater detail in Section E below 

does not have its bending magnets disposed symmetrically about the middle 

of the half-cell. Nor can the equivalent of two bending magnets be super

imposed upon a quadrupole. So slight modification of the above idealized 
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arrangement - in particular in the positions and strengths of the final 

bending magnets - would be necessary to zero the dispersion in a long 

straight section, and so the degree to which it is set precisely to zero 

is a matter of convenience. We have assumed that minor dispersion 

adjustments would most appropriately be performed in the neighborhood 

of the interaction regions and have been satisfied with the removal of 

the bulk of the dispersion at the ends of the straight sections by the 

arrangement described above. 

After an examination of a large number of specific cases, we have 

chosen the injection point so that the downstream end of the injection 

septum will be located at an angle of 15.6122° with respect to the 

direction of the west long straight section. This choice yields a west 

long straight section length of about 930 m and reasonable clearance 

of POPAE from the site boundary and the main accelerator. 
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Each semi-circular arc, proceeding from west to east consists of 

the dispersion transition section, then the injection sequence, then 41~ 

normal cells, and finally another dispersion transition section. 

The straight section lengths have been adjusted so that the path 

length of the injection orbit corresponds to a harmonic number h = 1507 

at the frequency of the main accelerator rf system. The west straight 

section is then 928 m long and the east straight section 1159 meters. 

The resulting lattice is summarized schematically in Figure 2; 

the contents of the long straight sections will be described in the 

next section. 
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D. The Insertions 

Each long straight section consists of a sequence of several matched 

insertions. A modular design approach5 has been used, in the sense that 

a standard set of matching conditions has been assumed at either end of 

each insertion. Namely, the momentum dispersion function, n, and its 

derivative with respect to position along the orbit, n', have been taken 

to be zero, while the amplitude functions join properly onto those in a 

nomal cell. 

Thus far, there are four insertion types, exclusive of that for the 

e-p crossing discussed in the next chapter. These are (1) a high luminosity 

crossing insertion for experiments on rare events, two of which are in 

the west straight section, (2) a high angular resolution crossing insertion 

for experiments on small angle events in the east stratght section, (3) a 

phase adjusting non-crossing insertion, one of which appears in the lattice 

of each beam between experimental crossings, and (4) a non-colliding 

crossing for the west straight section. The design of these insertions 

has been carried out using the computer program MAGIC6 to obtain the 

desired behavior of the amplitude function, and TRANSPORT7 to adjust the 

dispersion function arid the geometry of the crossings. The locations 

of the various insertions in the straight sections are shown in Figure 3. 

1. Symmetry Considerations 

In principle, as long as the desired beam geometry, optics, and 

dispersion characteristics are obtained in an insertion, there need not 

be any requirement of symmetry either in the focusing sequence or between 

the two rings. However, since there exists an excessive degree of 

flexibility in the design of insertions, imposing some symmetry conditions 

will simplify the design and make the ope-ration of the rings easier. 
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First, we assume all crossings of the two beams to be in the vertical 

plane and all optics matching quadrupoles in the two beams are paired 

with one directly above the other and having equal strength. There are, 

then, two alternative arrangements: each pair of quadrupoles could 

have either the same focusing actions on the two beams, hence opposite 

gradient polarities (denoted by F/F) or the opposite focusing actions, 

hence identical gradient polarities (denoted by F/D). In the focus.ing 

sequence in each beam, we consider also two alternative symmetry 

arrangements: the quadrupole focusing actions can have either reflection 

symmetry about the midpoint (symmetric) or reflection symmetry with 

change of sign (antisy11Jr1etric). In an antisymmetric insertion, the beam 

optics in the horizontal and the vertical planes are midpoint-reflections 

of each other, hence the phase advances of betatron oscillations in the 

two planes are identical. For this reason, we consider antisymmetric 

insertions generally more desirable although the different optics in 

the two planes obtainable in a symmetric insertion can be advantageous in 

some special cases. 

The vertical geometry of the beams is determined by the requirements: 

(1) the beam at either end of the insertion must be horizontal and at 

prescribed elevations, (2) the crossing angle must have the desired 

value, (3) the vertical dispersion must be matched from zero to zero 

across the insertion, and (4) the vertical dispersion must satisfy prescribed 

conditions at the crossing point and, in some cases, at other locations 

in addition. The F/F arrangement applied to an antisymmetric insertion 

yields a geometry for the two beams which does not possess reflection 

symmetry about the midpoint. This makes the design of such a crossing 

insertion more complicated. For the present design, we have adopted the 
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F/D arrangement for the insertions as being simpler and more symmetric. 

In addition to simplifying the design for antisymmetric insertions, the 

F/D arrangement also permits the use of quadrupoles common to both 
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beams. To further exploit the simplicity thus acquired, we extended this 

arrangement to the entire rings as stated in Section C above. 

2. High Luminosity Insertion 

The basic requirements for this insertion are that (a) the beams 

be focused to the smallest width reasonably possible at the (vertical) 

crossing in order to achieve high luminosity, (b) space adequate for 

experimental equipment be allowed between the beam transport elements on 

either side of the crossing point, (c) the length of the luminous region 

be reasonably short and well defined, and that (d) space be available 

next to the outgoing beams for detecting forward secondaries. In addition, 

it is desirable that the beam width and crossing angle be variable so 

that a variety of experimental conditions can be produced with given beam 

currents in the machine. 

The dependence of the luminosity and the length of the luminous 

region on the various parameters can be inferred from the simplest of 

models. The general expression for the luminosity per unit volume in 

the collision between two particles species having volume densities 

n1 and n2 traveling with velocities v1 and v2 is 

(1) 
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For highly relativ<isticpartiltles and snall crossing angle a, 

I+ +I a v1-v2 ~.2c cos 2 ~ 2c. If each beam had a sharply defined rectangular 

cross-section of width w (perpendicular to crossing plane) and height h 

within which the particle density is uniform, then for equal currents 

and 

I n = ---.,..-ec wh 

r (.I ~ 2 1 h 
;_= 2c ec} wh Ci' 

(2) 

(3) 

with a distribution of luminosity along the interaction region of the 

form 

h/a. --....,.>1 ~<-- h/a > 
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where the longitudinal coordinate z bisects the angle ex included between 

the two beams. The total luminosity,,C , is then independent of beam 

height, and is inversely proportional to the beam width and crossing angle. 

For a fixed crossing angle, the length of the luminous region varies 

directly as the beam height. 

-23-



The two quantities influencing the beam width are the horizontal 

momentum dispersion function nH and the horizontal amplitude function, 

SH. The former is made zero in the design. Then w oc ~' and 
r 

condition (a) above is equivalent to a desire for small SH. 

Condition (c) implies that h/a should be small. But luminosity 

is inversely proportional to a, so we want the beam height, h, to be 

sma 11. Again, there are two contributions to the beam height. Because 

the two beams are initially parallel with one above the other, vertical 

bends must be intnoduced to effect the crossing. The vertical 

bends are so designed as to produce zero vertical momentum dispersion 

function at the'center of the crossing region. Its derivative, on the 

other hand, need not vanish; however, nv should be sufficiently small 

so that the resulting dispersion function throughout the luminous region 

be negligible. The beam height then varies as ~' so we require that 

Sv be small. 

The desire for small Sv and SH runs counter to condition (b). The 

smaller the value of S at the crossing point, the larger its value 

elsewhere in the insertion. High S value at a quadrupole accentuates 

the effects of chromatic aberration and as the free region about the 

interaction point gets longer, this situation becomes aggravated. 

We have assumed that the total free drift space on either side of the 

crossing point should not be less than 20 m. The maximum tolerable 

value of S in the insertion is not easily detennined. We have chosen 

not to allow S to exceed by more than an order of magnitude its 

maximum value in the normal cell. Then, with a maximum value of Sin the 

insertion of -IOOO m and a 21 m free length, we have found that the lower 

limit for both SH and Sv at the crossing is about 1 meter. 
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In both planes, S is a minimum at the center of the crossing region. 

Denoti.ng the minimum value by S*, at a distance z from the crossing point 

in the field-free drift space, the amplitude function is given by 

f3 ( z) 
z2 

= S* + * s 
(4) 
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We have assumed that the luminous region should not exceed 1 m in length; 

at z = ±0.5 m and for B* = 1 m, S is only 25% larger than it is at z = O. 

This variation in S can for all practical purposes be ignored in luminosity 

estimates, as shown below. 

Let us refer to the luminosity per unit length, d[Jdz, as the 

"brightness," b(z). For Gaussian beams having the same emittance e: (as 

defined in Section B) in both planes, we have 

b(z) = ~·~ = c (Ji 1 ecJ e: 

If we require that 

b(z • ± 0.5 m) = 10-4 
b(z = 0) 

(5) 

(6) 

as a typical condition for localization of the luminous region, then (5) 

* indicates that as a function of Sy, a reaches a minimum of -0.76 mrad 

* * at Sy = 0.5 m as shown in Figure 4. For the design value of Sy = 1 m, 

the condition (6) yields a = 0.87 mrad. At z = 0.5 m with this crossing 

angle, the beams are separated by 0.44 mm which corresponds to 6 standard 

deviations and represents the limit of our knowledge concerning the beam profiles. 
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The discussion of the preceding paragraph suggests that a nominal 

crossing angle of 1 mrad is reasonable. The brightness versus longitudinal 

* * position given by equation (5) is shown in Figure 5 for BH = Bv = 1 m and 

a = 1 mrad. The brightness curve is indistinguishable on the scale of 

the figure from the pure Gaussian beam shape associated with constant 

amplitude functions. Numerical integration of equation (5) yields a 

luminosity of 1.14 x 1034cm-2sec-1 . For constant S, (5) may be integrated 

directly to give 

= J 
00

00 

b(z)dz = 2c ~ 2 1 (7) 
2/Tra*a 

and comparison with equation (3) yields the conventional identificationB 

of the beam width, w, with 2ji? cr. Use of ( 7) then 1 eads to the same 
34 -2 -1 luminosity: 1.14 x 10 cm sec . For comparison, the triangular 

brightness distribution for rectangular beams of uniform density is 

also shown in Figure 5. 

The beam-~eam tune shift under these conditions exceeds the canonical 

* * figure of . 005. Si nee we are dea 1 i ng with Gaussian beams with B H = B V at 

the crossing point, we may use the results of Keil, Pellegrini, and 

Sessler,9 viz: 

OvH = ov0 [! + 
1 ~] l 

8*2
a (2Tr )"2 

where 

(2'' (1 j r pt' 
ova = :rr) ec yacr* 

-26-

(8) 

(9) 



TM-547 

is the "short range" tune shift, rp is the classical radius of the proton, 

and the factor in brackets represents the enhancement due to the variations 

in 8 wtthin the free length L between beam transfer magnets. For the 

crossing conditions above, ov
0 

= 0.010; taking L = 21 m gives 

ov = 0.010 [1 + 0.54] (10) 

which is larger than the traditional limit of 0.005. However, on the 

one hand, this limit is pessimistic and uncertain; on the other, the 

luminosity calculated above is rather high. The present design provides 

entirely adequate luminosities at a tune shift of 0.005 and allows 

improvements should the true limit prove to be higher. 

Because of the rather small crossing angle, to keep the "long range" 

tune shift from becoming excessively large, the beams must be separated 

at both ends of the crossing region drift space by strong, large aperture 

common dipoles. For the F/D arrangement, these dipoles can be located 

immedi.ately next to the focusing quadrupole pairs either on the inboard 

side or on the outboard side. To investigate the forward secondaries as 

stated in condition (d), one must detect particles which pass through the 

apertures of both the dipole and the quadrupole pair. If the dipoles are 

on the inboard side, they will sweep the charged secondaries onto the 

yokes of the quadrupoles. On the other hand, if the dipoles are on the 

outboard side, most of the charged particles can pass through the 

apertures of the quadrupoles and be swept out of the beam by the following 

large aperture dipoles into the detectors. Of course, the quadrupole 

pairs must then be used commonly by both beams. We have adopted this design. 

Furthermore, in the beam branches going away from the crossing point, the 
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common dipole is followed by a 25 meter free drift length to facilitate 

placement of detectors. 
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The high luminosity insertion conforming to the specifications developed 

above is represented in Figure 6. A tabulation of the insertion elements 

is to be found in Appendix I, Table 1. 

3. High Angular Resolution Insertion 

The primary role of this insertion is to permit the study of scattering 

and production processes at rather small angles. For certain of these 

processes, the demand on luminosity is rather minimal. The insertion 

described here has had its parameters selected to make feasible measurements 

on elastic proton-proton interactions in the angular region where nuclear 

and coulomb amplitudes are comparable - that is, in the region where 

/ft/ ~ .045 GeV/c. At 400 GeV, this corresponds to a scattering angle 

of 0.1 mrad. We must insure that the angular width of the beam at the 

crossing point be substantially less than this figure. At the high 

luminosity intersection described above, 8* = 1 m and the full angular 

width of the beam arising from betatron oscillations is 0.32 mrad. 

Thus, S* must be raised by at least two orders of magnitude to reduce 

the angular width of the beam. As in the preceding case, however, we impose 

the constraint that a should not exceed 1000 m or so at any point in the 

insertion. We have chosen S* = 500 m, yielding oe = 0.014 mrad, and presumed 

that should further reduction in oe be necessary, additional improvement 

can be obtained by reducing the beam emittance E through scraping. 

Because of the momentum spread in the beam, a non-vanishing slope of 

the vertical dispersion function at the crossing would also contribute to 

the angular width. For a beam stack with the design momentum width of 
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op/p = 0.3%, an n' of 0.1 would already result in a contribution to oe 

of 0.3 mrad. We have therefore required that n' vanish throughout the 

region of overlap of the beams. In order to not constrain too severely 

the design of the insertion, we have not required that n itself vanish. 

A non-zero dispersion function will contribute to the beam height, hence 

to the length of the luminous region. This is dealt with in the design 

feature considered below. 

The particle detectors will be located downstream in the outgoing 

branches and right next to the beams. The small-angle scattered 

particles will go through all the beam transport elements following the 

beam optics and be detected within the beam pipe. For a long luminous 

region, we require that all particles scattered at the same angle over 

the entire length of the luminous region be focused at the detector; 

that is to say, we want a parallel-to-point optics from the crossing 

point to the detector. For S' = 0 at the interaction point, this implies 

a goo phase advance for betatron oscillations between these locations. 

The amplitude function at the detector point should be large enough so as 

not to put excessive demand on the spatial resolution of the detector. 

With S* = 500 m, and a goo phase advance, corresponding to an angular 

definition of 0.014 mrad at the crossing point, a a value at the detector 

of 20 m gives a spatial definition of 1.4 mm at the detector. Several 

types of detectors exist which can give spatial resol1utions far below 

this value. In addition, the vertical dispersion function at the 

detector should be made zero so that the spatial definition there would 

not be degraded by momentum spread. 

The crossing angle is thosen to be 10 mrad; this value reflects a 

compromise between the growth of the beam-beam tune shift with 

decreasing crossing angle on the one hand, and the lower luminosity and 
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larger total vertical bending required with bigger crossing angles on the 

other. The beam crossing is taken to be in the downward direction; we 

assume that for the relatively large crossing angle, this orientation will 

facilitate the installation of long spectrometers which detect forward 

going particles. The distribution of vertical bending magnets is adjusted 

to improve access to the neighborhood of the outgoing btanches of the 

beams. 

Since changes in a along the luminous region are clearly unimportant 

in this case, the luminosity may be calculated from equation (3). For 

$* = 500 m, a* = 1.44 mm at 400 GeV; the luminosity is then 5 x 1031cm-2sec-1 

with 10 amperes in each beam. This is a very high luminosity for certain 

of the processes of interest. At ITtj = 0.045 GeV, the elastic scattering 

cross section, dcr/dt, is about 100 mb/GeV2. In a 6jtl interval of 10-4, 

the counting rate at = 5 x 1031cm-2sec-l would be 500/sec - a luminosity 

of 1028cm -2sec -l would surely be adequate. On the other hand, at lftl- 1 GeV, 

higher luminosity is needed. For example, if the cross section at the dip 

near /iti = 1 GeV remains near 0.03 µb/GeV 2, then in a 6ltl interval of 

0.05 GeV2 , the peak luminosity would yield -4 counts per minute. Clearly, 

somewhere in the region ltl - 5 GeV 2 counting rates will become unreasonably 

low. 

The linear beam-beam tune shift is 0.022 and is intended to be 

comparable with that in the high-luminosity insertion; the remarks pertaining 

to the beam-beam interaction in the discussion of that insertion are 

applicable here as well. 

A high angular resolution insertion meeting the requirements developed 

above is shown in Figure 7. The parameters of the elements are shown in 

Table 2 of Appendix I. 
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4. Phase Adjusting Insertion 

The phase adjusting insertion is a sequence of eight quadrupoles 

occupying 90 m of straight section in each storage ring - in effect, 

replacing four quadrupoles of the normal lattice. These eight magnets 

are powered separately from the normal lattice quadrupoles, and as the 

name of the insertion implies, by varying their excitation, the phase 

advance of betatron oscillations through the insertion may be adjusted 
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over a range of 100° - from 105° to 205°. The phase advance is the same in 

both planes of motion. The disposition of elements is shown in Figure 8 

and their parameters tabulated in Tables 3 and 4 of Appendix I. 

In our provisional lattice, three phase adjusting insertions are 

included in each of the proton storage rings, so that one is interposed 

between each pair of proton-proton interaction regions. They play a 

number of roles in our design procedure. First, they provide a mechanism 

for tune adjustment, permitting us to retain a 90° phase advance in the 

normal cells and also enabling us to allow the phase advance through the 

intersecting insertions to be a free parameter. Second, they allow us to 

explore the variation of the beam parameters as the intersecting insertions 

are retuned to operating conditions other than those- for which their design 

was optimized. Third, by manipulating the individual phase adjusting 

insertions, the effects of chromatic aberration on the luminosity may be 

decoupled from one intersection to another. We will discuss this latter 

role in Section F below. 

The introduction of phase adjusting insertions is a natural consequence 

of our modular design procedure, and in these storage rings where straight 

section space has been reserved for future developments, they are reasonable 

items to include at this stage. At a more advanced point in our work, it 
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may prove feasible to eliminate one or more of this type of insertion; 

however, for the present, the phase adjusting insertion introduces an 

essential element of flexibility into the lattice design. 

5. The Non-Colliding Crossing Insertion 
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With three intersection points where the proton beams collide, there 

must be at least one more place at which the beams interchange their 

relative position in the vertical plane wi.thout colliding. The two alter

natives are an odd or an even number of crossings in each long straight section; 

we have elected the former. As a consequence, the beam that is at the higher 

elevation in the north arc is at the lower elevation in the south arc. The 

injection geometry is then the same for both proton storage rings, and the 

additional crossing in the west straight section may be of use in reducing 

backgrounds arising at one high luminosity region due to interactions at the 

other. 

In any event, no matter where located, there is a need for a lattice 

segment which interchanges the relative up-down position of the two beams. 

The non-colliding crossing is shown in Figure 9. Note that this 

insertion is of the symmetric type, in contrast to the others. Arranging 

the crossing point to occur at the mid-point of a quadrupole in the normal 

sequence maximizes the drift on either side so that the beams are more 

readily separated before encountering the nearest lattice elements. 
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E. The Normal Cell 

1. Layout 
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The normal cell resembles that of the main accelerator - a straight

forward FODO cell with a length of 60 m. The provisional disposition 

of quadrupole and dipole magnets is shown in Figure 10, and listed in 

Table 6 of Appendix I. As noted in Section C, the phase advance of 

betatron oscillations through the normal cell is nominally 90°. 

The straight section of length 3 m in each half cell is intended to 

accommodate vacuum equipment, correction and compensating elements, and 

beam monitoring devices. At this early stage in the design procedure, 

we do not feel that a 3 m allowance for these items is excessive; the 

rapidity with which components populated the 2-·m normal cell straight 

sections of the main accelerator as it was brought into operation suggests 

that a somewhat greater space will be needed in the storage rings, where 

the demands on the corresponding systems are greater than in the conventional 

synchrotron. Our current prejudice is that such functions as chromaticity 

compensation, nonlinear resonance corpection, and beam steering be 

accomplished by elements located in these straight sections rather than by 

separately excited windings of the main dipoles and quadrupoles of the 

cell. Not only is the design and fabrication of the main magnets thereby 

simplified, but overall reliability will likely be improved. The other 

intermagnet gaps are quite small - 0.4 m between the magnetic ends. We 

assume that this is an adequate space for the physical magnet ends and 

interconnections between magnets, and that a cold-bore vacuum system will 
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not require a pumping station between each pair of magnets. Clearing 

electrodes may also be found in these gaps, though it is possible that 

they may be incorporated in the magnet vacuum chamber. 
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In both the north and south arcs of the storage rings, the 3 m 

straight sections are to the west of the dipole magnets of each half cell. 

This arrangement enables the injection elements to be identically situated 

for both rings. 

2. Comments on Magnets and Vacuum System 

Though the design of magnets is not included in this phase of the 

study, a few 1'1emarks are in order here to indicate the sort of magnets that 

we have in mind while selecting dimensions and intermagnet spacings for 

the calculations of this report. 

We visualize the 18 kG dipoles of the normal cell as superconducting 

11 window-frame 11 magnets having an aperture which is approximately square. 

They may be characterized as a low field version of the magnets developed 

by Danby and collaborators at BNL. 10 Even with a gap as large as 10 cm, 

the outline of the steel yoke need be no larger than an ordinary 81211 x 11 11 

sheet of writing paper. The superconducting coil fits as closely as 

possible to the cold steel frame to minimize the field inhomogeneities 

arising from wire placement errors. Corresponding magnets of the two 

proton storage rings are in a common cryostat. We have taken the vertical 

separation between proton beams to be 30 cm. By extension of the roughly 

square steel geometry, the quadrupoles are envisioned to be of the Panofsky

Hand configuration. 
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As implied in the layout of the normal cell, we have assumed that 

a cold bore vacuum system will prove to be feasible, with a cryopumping 

beam tube replacing most of the vacuum stations of the conventional room 

temperature vacuum system. Recent studies of the cold bore approach have 

been encouraging;ll,l2 of course, there is as yet no experience with such 

systems in particle accelerators. 

Whatever the type of vacaum system, there is no reason to believe 

that the pressure requirements will be any less stringent than those in 

the ISR. Thus, at liquid helium temperatures, the pressure should not 

exceed some Sxlo-13 Torr (at room temperature, the same particle density 

would be associated with a pressure of 3x10-ll Torr). And despite the 

pumping speed offered by the cold surfaces, the high desorption coefficients 

of helium and hydrogen adsorbed in sufficient quantity indicate that 

surface cleanliness will remain a consideration. Surface coverages are 

limited to about 10-3 of a monolayer for He and 0.3 of a monolayer for H2. 12 

3. Aperture 

The beam pipe is taken to be circular in cross section with an inner 

diameter of 7.6 cm (3 inches), primarily for reasons of vacuum stability. 

Benvenuti 12 has concluded that, based on current knowledge of surface 

coverages and desorption coefficients, a vacuum chamber of this size would 

be adequate for the maintenance of vacuum stability in the presence of a 

10 ampere circulating current. 

The injection and stacking procedure outlined in Section G below 

implies the need for a good field region some 5 cm in horizontal extent, 

at least in the injection region where the momentum dispersion function 
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is a maximum. If the steel and coils forming the inner boundaries of 

the magnet aperture describe a square 10 cm on a side, a somewhat larger 

region of good field quality can likely be achieved to make allowance for 

orbit distortions, beam manipulation, and less rapid degradation of 

luminosity at lower energies. 

The use of a circular beam pipe - particularly if it is made of a 

material such as aluminum which has a high conductivity at low temperature -

has the consequence of removing certain of the high current phenomena from 

contention as aperture determining factors. 

As an examp 1 e, .consider the single beam incoherent tune shift. 

Strictly speaking, in treating the image currents in the square steel 

boundary, one should sum the appropriate series for that geometry. In 

order to estimate the tune shift in a straight-forward way, let us treat 

the magnet boundary as also circular, with the same radius as the beam 

tube. Though approximate, this procedure insures that the leading terms 

in the series expansion of the magnetic image fields be of the proper 

order. The procedure is correct for magnets having circular steel boundaries, 

as in the ISABELLE design,13 with of course the replacement of the beam 

pipe radius by the steel radius in the magnetic sum. Then, for a particle 

describing betatron oscillations about an orbit a mean distance x in the 

horizontal plane from the center of the beam pipe, in the presence of a 

ribbon-like stacked beam located in the median plane, the image 

contribution to the tune shift is 

r NR 
o\) = -ov = _I!_ (i + Q.R ) F y x ym> 

where rp is the classical radius of the proton, N is the total number of 
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protons in the beam and F is given by 

b2 
F = -4a 

00 

n=3 

b - radius of beam pipe 

a = half width of stacked beam 
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x
5 

= distance of center of stack from center of the beam pipe 

Each term in the sum contains 2a/b2 as a factor, so F actually 

contains neither negative powers of a nor positive powers of b. The 

leading term varies as the inverse fourth power of b, rather than the 

l/b2 dependence of the plane-parallel configuration. As a result, the 

tune shifts tend to be small. With a centered 10 ampere stack, the 

tune shift due to images at the center of the chamber is 6xl0-4, and 

the difference in tune between the injected beam and a particle at the 

middle of the stack is -10·5. Even with the stack off-center, the tune 

shifts remain relatively small. For instance, if during the injection 

process, a 5 ampere stacked beam is located with one edge at the center 

of the beam pipe, the tune shift at that edge would be 3xl0-4 and the 

injected beam would differ in tune by only 7x10-S from the most 

distant particles in the stack. 

As a second example, 1 et us use the formula stated by Kei 114 to 

estimate the degree to which resistive wall effects are of concern. In 
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the case of the transverse resistive wall instability, the tune spread 

required to provide Landau damping is 
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With v ~ 35~, n-v ~ 0.75 for the lowest unstable mode. If we take for the 

conductivity, cr, that of aluminum at 4.5°K, ov ~ 2 x 10-5. The momentum 

spread necessary for longitudinal stability can be estimated from 

e Iv2 

2 b 
ympc 

This condition is most restrictive in the initial stages of formation of the 

beam stack when (op/p)/I~ is smallest. For a single injected pulse, the 

current is 0.07A; then the criterion above gives (op/p) > 8 x 10-6 whereas 

the fully-debunched momentum spread of a single pulse would be 1.3 x 10-5. 

The discussion of the preceding two paragraphs is not meant to imply 

that we expect intensity dependent electromagnetic effects to be of little 

concern. Rather, the point is that by a suitable choice of wall geometry 

and material in the nmmal cells, this large portion of the storage rings 

will be relatively innocuous as a contributor to these phenomena. 
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F. Consequences of Low Periodicit~ 

Traditionally, ~;celerator designers have favored lattices consisting 

of a reasonably large number of identical periods in order to reduce the 

density of resonances arising from systematic errors in magnet construction 

and from other sources associated with the periodicity of the magnet ring. 

Thus, for example, there are six superperiods in the Fermilab main 

accelerator and twelve in the Brookhaven AGS. Single period designs, 

such as the Cornell 12 GeV electron synchrotron, have been the exception 

rather than the rule. 

Present storage ring designs tend to have lower rotational symmetry 

than the synchrotrons due to the introduction of the various experimental 

insertions. At the same time, these rings contain features, such as 

beams containing a relatively broad momentum spread and regions where the 

amplitude functions become very large, which can make periodicity

associated effects of more concern than in the synchrotrons. H9wever, in 

contrast to the accelerators, a high periodicity conflicts directly with 

the intended use of the storage rings and so the consequences of a low 

symmetry structure must be examined. 

In a ring containing N superperiods, one-dimensional structure 

resonances may appear at intervals in tune of N/k, where k = 1,2,3, etc. 

is the order of the resonance. Including both transverse degree of 

freedom, the same is true for the spacing of sum resonances (ivH + jvV = k) 

along the main diagonal of the tune diagram where vH = vV; off of the main 

diagonal, the spacing diminishes due to the fanning out of resonance lines 

of given order from their common intersection point on the diagonal. For 

our lattice, N = 1; therefore potential structure resonance lines coincide 

with imperfection resonance lines. 
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There are a number of measures that may be taken to reduce the 

effects of systematic errors. Considering that there are 784 bending 

magnets in the ring, these dipoles constitute the most likely source of 

odd-order resonance driving terms. During the development of magnets, 

as an appreciation is gained of the systematic higher order multipoles 

in their fields, some redistribution of dipoles in the rings can be made 

TM-547 

to reduce the strength of certain resonances in the working region of the 

tune diagram. Though admittedly of limited value, this may still be a 

useful exercise. A potentially more effective step is to limit the range 

of tunes explored by the beam through the reduction of chromaticity. This 

implies a reliance on feedback systems to provide the primary stabilization 

against coherent instabilities rather than the Landau damping consequent 

to Mon-zern chromaticity. Finally, we note the substantial space allowance 

in the lattice for correction and compensation magnets. A major motivation 

for the reservation of a 3 m drift space in the normal cell has been to 

permit the addition of a suitably diverse set of multipole elements. 

A quantitative examination of many of the low periodicity effects 

must be deferred until a later phase of the study. One of these effects, 

however, is of such magnitude and so innnediately predictable that it 

requires attention in this first pass through the design; we refer to the 

half-integral stop bands arising from chromatic aberration in the quadrupoles. 

The standard matching procedure for a ring with a complex lattice 

having a variety of insertions leads to a system free of stopband 

influences for one given momentum. In a conventional synchrotron, the 

off-momentum mismatch is relatively unimportant; in a storage ring, with 

-40-



TM-547 

its greater demands on momentum aperture and more exotic insertions, chromatic 

aberration in the quadrupoles becomes much more of a "first order" 

problem. 15 

In addition the chromaticity of the lattice, having the same origin, 

must be controlled to adjust properly the working line in the tune diagram. 

For both functions, sextupole fields must (in effect) be added to quadrupoles 

to modify their chromatic aberration by virtue of the momentum dispersion 

of the orbit. Clearly. the sextupoles should be arranged in such a way 

that third integral resonances are not excited. 

An obvious way of accomplishing this is to compensate the chromatic 

aberration of each quadrupole by adding to it a sextupole field given by 

B" = B • /n. 

However, a major source of the aberration effects is in the insertions 

where it is desirable to have n = 0, thereby precluding this scheme of 

direct compensation. 

That the insertions, and particularly the high luminosity insertions 

will contribute significantly in this regard may be inferred as follows. 

The increment to the chromaticity s linear in op/p from an insertion may 

be written 

/'.~ : ~v/{Op/p) = - !nf S{z)K(z)dz 

= - !,J (a' + y)dz 

B' K = -Bp 

where a, B, and y are the usual Courant-Snyder parameters. Since a is 

required to be the same at the ends of the insertion, the first term in 
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the integral vanishes and 

tJ.t,, = - L f ydz 41T 
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So, the high luminosity insertions wherein y becomes large have dispropor

tionate lever~ge on the chromaticity, and by extension, on other chromatic 

aberration effects, compared to the fraction of the periphery of the ring 

occupied by these insertions, yet it is precisely here that it is most 

inconvenient to accommodate compensating sextupoles. 

On the other hand, the normal cells of the semi-circular arcs present 

an attractive location for sextupoles, where the dispersion function is 

inherently non-zero. The 1T/2 phase advance per normal cell provides a 

natural means for chromatic aberration compensation without introduction 

of third-integral resonance driving terms. For, note that a group of 

four sextupoles of the same strength located at corresponding positions in 

successive cells contributes to the chromaticity without affecting 

the off-momentum stopbands or exciting third-integral resonances. A number 

of such groups, located near both the F and D quadrupoles, can adjust the 

chromaticity in both planes of motion. Similarly, groups of four sextupoles 

alternating in sign will influence the off-momentum stopbands without 

affecting the chromaticity or yielding third-integral driving terms. 

We have applied the above prescription to our lattice. In Figure 11, 

we show the tunes in the horizontal and vertical planes without the 

introduction of sextupoles. As anticipated, substantial stopbands appear 

at the neighboring half-integral tune values, and the tune spread across 

the 0.3% in momentum width stack is slightly in excess of 0.2. If we place 

80 sextupoles at the horizontally focusing quadrupoles with 8 11 ! = 645 kG/m, 

and 80 sextupoles at vertically focusing quadrupoles with B"R. = 1290 kG/m 
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in the normal cells of the north and south arcs, we obtain the tune versus 

momentum plots shown in Figure 12, wherein the tune spread has been reduced 

by somewhat more than a factor of 100. The graphs suggest that the 

chromaticity can be controlled adequately by this means. 

The (by now) remote half integral stopbands demonstrate their presence 

by a momentum dependent 11 beat factor 11 in the amplitude function, which can 

lead to a reduction in luminosity in one or more of the crossing regions in 

comparison to that expected from the oerfectly matched insertions. Actually, 

all that need be achieved is that the phase of the beat factor need be such 

that the values of the amplitude function at the crossing points not be 

significantly increased. Elsewhere, the amplitude functions must only 

remain within reason. We have found that the global compensation associated 

with sextupoles alternating in sign mentioned above may not be necessary; 

rather, the phase adjusting insertions can be set to compensate adequately 

for the beat factor. That this is so is in part a characteristic of our 

particular lattice. Since the high luminosity insertions are the major 

contributors to the effect and they are located close to each other, a 

suitable tune of the phase adjusting insertion between these can significantly 

reduce the amplitude of the wave in oB/S throughout most of the ring. 

Figure 13 illustrates two settings of the phase adjusting insertions, one 

of which yields a reasonably insensitive dependence of the amplitude function 

on momentum at the intersection points. Only one of the high luminosity 

regions is represented in the Figure; the behavior of the amplitude function 

at the other is similar. 

Our conclusion from the discussion of this section is that the 

chromatic aberration effects of the one-fold periodicity lattice can 

certainly be accommodated. With reasonable space allowed for correction 
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magnets, other consequences of the low rotational symmetry are not likely 

to become performance limitations. We cannot emphasize the point of the 

preceding sentence too strongly. A versatile and easily manipulated set of 

correction magnets is an essential system in the storage rings that we 

outline here. Further study will aid in defining the scope of this system. 

However, we doubt that·the correction requirements can be fully analyzed 

without operating experience, and we feel that an early reduction in the 

space allocated for this purpose would prove to be a very poor economy indeed. 
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G. Injection and Stacking 

1. Geometry of Injection Beam Transport Lines* 

Fast single-turn extraction from the main ring will be accomplished 

at straight sections B and C in a fashion identical to that now used at 

straight section A. As at straight section A, the extracted beam at 

B and C will be directed at an initial angle of 1.260 with respect to 

the orbit in the straight sections. From BO and CO station marks, we 

project each beam line 300 feet to allow space for focusing and matching 

elements and then bend at a 2700 foot radius away from the main ring 

through an angle of 5.22°. At the end of the 300 foot straight portion, 

the separation between the extracted beam and the main ring is about 12 

feet so a separate tunnel can be started. The succe~ding bend is to 

minimize the portion of the main ring tunnel that must be uncovered 

for the new construction. The bend radius of 2700 feet corresponds to a 

90% packing of dipoles and so implies a quadrupole spacing about a 

factor of two greater than that in the normal cell of the main accelerator. 

The choice of 5~22° bend angle is arbitrary but reasonable and convenient 

in that it brings the beam from BO to a direction perpendicular to the 

east site boundary, and the beam from CO to an angle of -600 with respect 

to that boundary. We refer to the points we arrived at by this 

geometrical construction as the 11 extracted beam points"; they define 

the starting positions and directions of the injection transports to the 

storage rings. 

* English units are used in this subsection to facilitate 
reference to existing site maps and drawings. 
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As described in Section C, the injection point in the storage ring 

is at the downstream end of a half cell containing no bending magnets. 

The injection aim point is taken to be 197 feet (one normal cell} in the 

upstream direction on a line tangent to the orbit at the injection point. 

The basis for this selection of the aim point is that the injection will 

be through a series of Lambertson septum magnets which deflect the beam 

downward into the ring. These septum magnets require a space of about 

one-half normal cell and another half-cell is needed for optics matching 

elements. 

The extracted beam points and injection aim points must be connected 
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by beam transport lines, made up of straight sections and curved portions 

whose radius of curvature should not be smaller than 2700 feet in accordance 

with our design procedure. For the particular locations of the injection 

aim points that we have selected, the connecting beam transport lines are 

as follows: for the transport line to Ring I (clockwise) a straight section 

of length 220 feet connects the extracted beam point at B to a 74.4° bend 

to the north injection aim point, and for Ring II (counterclockwise} a 

straight section of length 477 feet connects the extracted beam point at C 

to a 14.4° bend to the south injection point. This transport system 

would be composed of conventional magnets since they need be powered only 

during storage ring fi~ling operations. 

2. Injection and Stacking in the Storage Rings 

Momentum stacking has proved to be very successful at the ISR, and 

we follow the same procedure for POPAE. 

Prior to the arrival of each beam burst from the main accelerator, 

the two pulsed kicker dipoles mentioned in Section C perturb the injection 

orbit outward to the outside of the injection septum, so that the beam 
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arriving from the main ring finds itself on the (perturbed) closed orbit 

appropriate to its momentum. The duration of the beam burst is 21 µsec; 

the kickers then have 7 µsec in which to turn off before the next passage 

of the injected beam which will be along the unperturbed closed orbit on 

the inside of the injection septum. After the injected beam is decelerated 

to the stack, the kickers are again turned on and the injection orbit moved 

to the outside of the septum awaiting the arrival of the next beam burst 

from the main ring. The tur.n-on of the kickers could be relatively slow. 

Both the turn-on and the turn-off of the two kickers must be 

identical but with the downstream kicker delayed by the beam transit time 

of 1.2 µsec between the two kickers. Inequality of the two kickers or 

error in the delay times tends to leave a residual betatron oscillation in 

the stacked beam, thereby diluting its betatron phase space density. 

However, the required precision is not difficult to attain. The injection 

scheme proposed here employs full-aperture kickers but avoids the need for 

the rather complicated moving kicker-shield used for the ISR. 

A 10 ampere beam in one of the proton storage rings corresponds to 

1.8 x 1015 protons which requires 180 pulses from the injector each 

containing 1013 protons, if there is no loss during transfer. Assuming 

that during stacking the momentum phase-space density is diluted to 75%, 

the momentum width of the stack would be 180/0.75 = 240 times the debunched 

momentum width of a single pulse. A lon;gitudinal emittance per rf bunch of 

e:s = 0.1 eV·sec translates into a fractional momentum.spread at 400 GeV of 

an he e; = 1.3 x 10-5 p = 27TRE s 
h = harmonic number 

27TR = ring circumference 

when debunched. The momenttll'l width of the stack would t~en be 0.3%. 
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At the injection septum, the momentum dispersion function is -4.5 m 

leading to a contribution to the physical width of the stack from momentum 

of 14 mm. The horizontal amplitude function at the position is -100 m, 

so for our emittance of ~/40 mm-mrad at 400 GeV, the beam width from 

betatron oscillations is 3 mm. The physical width of the full stack is 

then about 17 mm. 

We take the distance between the 11 edges" of the injected and stacked 

beams to be 10 mm. The distance from the center of the injected beam to 

the center of the nearest pulse in the stack is then 13 mm, or 0.3% in 

momentum. The initial pulse will be decelerated by 0.6% x 400 or 2.4 GeV 

to begin formation of the stack. Subsequent pulses will be decelerated 

through the same interval to stack on the "top." 11 Top 11 and 11bottom 11 

here refer respectively to momentum edges of the stack farthest and nearest 

to the injection momentum. 

To estimate the stacking efficiency, defined as the ratio of the 

phase~space density of the stacked beam to that of the injected beam, 

we may use the phenomenological formula 16 

[ 

2 sin <I> J-l 
efficiency = 1 + . s. 

3a. ( <I> s )/ri 

where $s is the synchronous phase of deceleration through the stack, n is 

the total number of pulses stacked, and a.(<t>s) is the ratio of the moving 

bucket area at <f>s to the stationary bucket area for the same voltage. The 

smaller <f>s' the higher the efficiency. On the other hand, smaller <f>s leads 
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to lower rf voltage and longer deceleration time, once one adds the require

ment that the bucket be fit tightly around the beam bunch. - addition 

to stacking efficiency the longitudinal beam stability condition requires 

low shunt impedance of the rf cavity, hence also favors low ~s· 

Therefore, a compromise must be made between the desires of shorter 

deceleration time on the one hand and higher stacking efficiency and lower 

cavity voltage on the other. For this design, we have selected $s = so0 

as a reasonable value. Then for the bucket area of 0.1 eV-sec, the deceleration 

rate is 0.24 GeV/sec, the cavity voltage, V, is 8.9 kV, and the stacking 

efficiency is 75% as assumed earlier. The time required for stacking each 

injected pulse will be 10 seconds. 

Prior to extraction from the main accelerator, the bunches should 

be tailored to the appropriate size and shape for the storage ring. The 

same ~s in the main ring will insure that the bucket shape will be 

identical in the two rings provided we match the bucket areas. This 

requires that*( 1
2 - 1

2)-l(yt = transition energy in the units of mc2) be 
\Yt y 

the same for both rings. Thi,s condition gives a main ring cavity voltage 

of 14 kV and, together with ~s = so0 , a deceleration rate of 0.54 GeV/sec. 

We could consider tailoring the beam bunches to the appropriate size 

and shape in the storage ring after transfer and concurrent with deceleration 

but before arrival at the 11 bottom 11 of the stack. But it is inevitable that 

some beam will be lost during the size-and-shape tailoring. In the main 

ring when the tailoring is done on the controlled 11 flat-top 11 and not 11 on-the-fly 11 
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the beam loss may well be less. In any case beam loss is less hannful in 

the main ring than in the storage rings where experiments are perfonned 

internally in the rings, hence demand a high degree of radiation cleanliness. 

It is also possible to stack on the "bottom." In this manner, one may be 

able to reduce slightly the stacking time of 10 seconds, but with additional 

demands on the programming of the frequency and voltage of the storage ring rf. 

In the scheme described. the cavity voltage is fixed at 8.9 kV during 

stacking, and the frequency modulation is identical for every pulse from 

53,104,924 Hz at injection to 53,105,329 Hz at stacking, with a required 

precision of ± 3 Hz. 

Although the frequencies of the accelerating systems of the main 

ring and the storage ring can be locked before transfer, it is dt'fficult 

to insure proper phasing of the beam bunches after injection because of 

the large distance between the two rings. The injected beam itself, 

however, can be used to establish the phasing on each pulse. During the 

first passage of the injected beam at the rf station, the cavity voltage 

is off, and by sensing the bunch timing, the cavity voltage is turned on 

at the proper phase in the 7 µsec time interval between the end of the 

injected pulse and the beginning of the second passage of beam through the 

rf cavity. Since the rf system must already be able to suppress empty 

buckets in order to avoid unnecessary dilution of the stack, this added 

bit of gymnastics introduces no additional demand. 
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H. Beam Extraction 

There are three circumstances under which the beam will leave one 

of the storage rings, which can be characterized as (1) uncontrolled and 

unplanned, (2) controlled and unplanned, and (3) controlled and planned. 

By·.the first we mean the disaster in which the beam somehow encounters 

the wall - with over 100 MJ of stored energy in• a 400 GeV 10 ampere 

beam, protective devices must be installed with sufficient redundancy 
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to insure that this is a very rare event indeed. In the first section of 

this chapter, we remarked that the kinetic energy of the beam may conceivably 

represent a potential limit to the performance of the storage rings. It 

is to the degree that one is unable to prevent unintentional and uncontrolled 

beam extraction that the beam energy is such a limiting factor. 

In the second category, we include those circumstances in which a 

sudden malfunction of a system or a growing disturbance of the beam is 

detected and the protective devices are activated to extract the protons 

into a beam transport culminating in a dump. In this case, extraction 

will need to be fast and comparable with the period of a single turn, 

though we assume that a period of time corresponding to some tens of turns 

will be available for beam manipulation prior to the onset of extraction. 

Excluding the beam dump itself, the total energy of the beam is not a 

limitation. Rather, the finite time (of much less than the period of 

revolution} during which the beam is swept across an extraction septum 

implies a possible limit on linear energy density rather than on total 

stored energy. 
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The third category is - hopefully - the normal mode of beam extraction, 

accomplished frequently during studies of machine behavior or at larger time 

intervals to terminate physics runs of a number of hours duration. There is 

no need for urgency in this circumstance. In principle, a slow resonant mode 

of extraction could be employed were it to prove advantageous. For the 

present, we will assume that a single turn fast extraction system will be 

used for both of the 11-Control l ed 11 cases. 

The dispersion transition sections described in Section C provide space 

for the extraction equipment, as sketched below. The beam is l:>1.1mped downward 

Bl 

f D 

( F 

K 

F 

D 

D 

F 

F 

D 

B2 

D 

F ) vertical 

into the groove of a Lambertson septum L by bump magnets Bl and 82, then 

kicked across the septum by a full aperture kicker K. The Lambertson 

then deflects the beam in the horizontal plane. If the Lambertson magnet 

is 14 m in length at a field of 10 kG and is followed by a 14 m drift 

space, the horizontal deflection of the beam at the position of the next 

normal cell quadrupole will be 22 cm, which should be ample clearance. 

In order to bump the beam 30 mm from the aperture center line, Bl and 

B2 must yield angular deflections of 0.36 mrad and 0.30 mrad respectively. 

These are relatively small magnets: at 4 kG, Bl is 1.2 m in length and 

B2 1. 0 m. 

At the upstream end of the Lambertson, the beam is almost round, 

for 6 is a maximum in the vertical plane, -100 m, and the momentum 

dispersion function is only 0.8 m. For a stack of width 0.3% in momentum, 
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and using the emittance of n/40 rrm mrad at 400 GeV, the beam is 3.2 mm 

high and 3.7 nm wide. If we take the thickness of the septum to be 1 mm, 

then the kicker must yield an 8 mm deflection at the Lambertson. Since 

the kicker is located nearly w/2 in phase upstream at a point of maximum a, 
it must produce an angular deflection of 0.08 mrad. 

That the kicker have a fast rise time is of prime importance in 

reducing extraction losses on the septum. The present fast extraction 

kicker in the main ring, which is 6 m in length and produces an angular 

deflection slightly larger than required here, has a rise time of 1/3 µsec. 

Shorter rise times would have been possible at greater expense, but were 

unnecessary in that application. We will take 100 nsec as the rise time; 

even shorter rise times may be contemplated17 though associated with rapidly 

increasing costs and, in all likelihood, operational problems. With 100 nsec 

within which the beam is deflected.8 mm, the septum will in effect intercept 

the entire 10 ampere current for 12 nsec, corresponding to an incident energy 

of sx104 joules. This amount of energy deposition is, we feel, near a 

tolerable level, though further study is clearly needed. It should be noted 

that, in addition to further reduction in rise time, it is also possible 

to install two such extraction systems in each storage ring - a step that 

may be advisable for reasons of reliability in any case. 

The design of the beam dump is apt to be a non-trivial problem -

we have not as yet devoted any time to it. 
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Fig. 1. Layout of POPAE on the Fermilab slte. The large "racetrack" 
represents an enclosure containing the two proton storage rings. Of 
the two alternatives considered for the electron ring, one - the 20 GeV 
case - would share the same enclosure as the proton rings. The second 
possibility - a 10 GeV electron ring - is shown as the small dashed oval. 
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APPENDIX I 

TABLE 1 

HIGH LUMINOSITY INSERTION 

Length (m) Field (kG) or 
Element Pol ari ti: (Drift) Field Gradient (kG/m} 

(10.32) 

Bl Down 5.9 12.561 
{ 11. 98) 

QI F 1.9 357.17 
{ 1.0) 

Q2 D 7.0 -328.68 
{8.6) 

Q3 F 3.5 291.14 
(4.4) 

82 Up 5.9 -14.318 
(0.4) 

82 Up 5.9 -14.318 
(8.18425) 

83 (Common) Down 5.9 17.024 
(0.4) 

Q4 (Common) D 5.5 -328.48 
{1.0) 

Q5 (Common) F 5.5 355.27 
(10. 5) 

Crossing Point {BH=Bv = 1.0 m, nH= nv = O) 
{10.5) 

Q6 (Common) D 5.5 -355.27 
( 1.0) 

Q7 (Common) F 5.5 328.48 
{0.4) 

84 (Common) Up 5.9 -17.024 
(24.78425) 

QB D 3.5 -291.14 

{0.4) 
BS Down 5.9 6.479 

{2.3) 
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Table 1 (cont'd) 
High Luminosity Insertion 

Length (m) Field (~G) or 
Element Polarit~ (Drift) Field Gradient (kG/m) 

Q9 F 7.0 328.68 
(1.0) 

QlO D 1.8 -357.17 
( 11. 98) 

86 Down 5.9 11.256 
(10.32) 
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TABLE 2 

HIGH ANGULAR RESOLUTION INSERTION 

Length (m) Field (kG) or 
Element Polarit,l'. (Drift) Field Gradient (kGLm} 

(4.2) 

Bl Up 5.9 -12.836 
(0.4) 

Bl Up 5.9 -12.836 
(0.4) 

Bl Up 5.9 -12.836 
(5.5) 

Ql F 2.5 305.92 
(6.2) 

Q2 D 5.0 -335.65 

(2.1) 

Q3 F 5.0 204.48 
( 1.0) 

Q4 F 3.0 205.07 
(53.4364) 

B2 Down 5.9 16.909 

(0.4) 

82 Down 5.9 16.909 
(0.4) 

82 Down 5.9 16.909 

(0.4) 

B2 Down 5.9 16.909 

(0.4) 

B2 Down 5.9 16.909 

{0.4) 

82 Down 5.9 16.909 

(0.4) 
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Table 2 (cont'd) 
High Angular Resolution Insertion 

Length (m) Field (kG) or 
Element Polaritx (Drift} Field Gradient (kG/m} 

Q5 D 1.0 -67;63 
( 36 .0102) 

Q6 F 3.0 226.92 
(2.3719) 

Q7 D 2.0 -311.71 
(6. 7) 

83 Up 5.9 -17.203 
(0.4) 

83 Up 5.9 -17.203 
(0 .4) 

83 Up 5.9 -17.203 
(34.8) 

Crossing Point (BH = By = 500 m, n~ = n~ = 0) 
(28.5) 

84 Up 5.9 -16.685 
(0.4) 

84 Up 5.9 -16.685 
(0.4) 

84 Up 5.9 -16.685 
(0.4) 

84 Up 5.9 -16.685 
(0.4) 

84 Up 5.9 -16.685 
(0.4) 

QB F 2.0 311. 71 
(2.3719) 

Q9 D 3.0 -226.92 
(0.4) 
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Table 2 (cont'd) 
High Angular Resolution Insertion 

Length (m) Field (kG) or 
Element Po 1 ari tx {Drift} Field Gradient (kGLm} 

85 Down 5.9 16.861 

(0.4) 

85 Down 5.9 16.861 

(0.4) 

BS Down 5.9 16.861 

(0.4) 
BS Down 5.9 16.861 

(0.4) 
85 Down 5.9 16.861 

(4.5102) 

QIO F 1.0 67.63 
(69.2364) 

Detector (SH = 29.5 m, Bv = 19.4 m, nH = nv = O) 
(22.0) 

Qll D 3.0 -205.07 
( 1.0) 

Q12 D 5.0 -204.48 
(2.1) 

Q13 F 5.0 335.65 
(6.2) 

Q14 D 2.5 -305.92 
(9.026) 

86 Up 5.9 -12.197 

(13. 274) 
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TABLE 3 

PHASE ADJUSTING INSERTION 

Length (m) 
Element Polarity (Drift) Field Gradient 

Ql F 2.0 Gl 
(l0.4) 

Q2 F&D 2.5 G2 
(10 .4) 

Q3 D 2.5 G3 
(10.4) 

Q4 D 2.5 G4 
(10.4) 

QS F 2.5 -G4 
(10.4) 

Q6 F 2.5 -G·3 
(10.4) 

Ql D&F 2.5 -G2 
(10.4) 

QB D 2.0 -Gl 
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TABLE 4 

PHASE ADJUSTING INSERTION 

ijJH=l/Jv Gl G2 G3 G4 
(degree) (kG/m) (kG/m) (kG/m) (kG/m) 

105 111.20 163.15 -110.00 -223.91 
110 239. 71 52.67 -103.01 
115 274.45 17.92 -100.26 
120 297.12 - 3.84 -100.24 
125 313.29 -17.14 -102.81 
130 325.11 -23.78 -107. 78 
135 333.59 -24. 77 -114. 93 
140 339.28 -20.70 -123.96 
145 342.45 -11. 97 -134.59 
150 343.15 1.16 -146.52 LL.I 

::> 
155 341.29 18.52 -159.49 -' c:( 

> 
160 336.63 40.01 -173.27 Cl 

UJ 

165 328.77 65.52 -187.63 x ...... 
l.J... 

170 317.14 94.88 -202.40 
175 300.99 127.76 -217.41 
180 279.49 163.51 -232.51 
185 251.94 201.01 -247.56 
190 218.17 238.64 -262.44 
195 179.01 274.52 -277 .03 
200 136.40 307.06 -291.25 
205 92.69 335.47 -305.02 -223.91 
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TABLE 5 

NON-COLLIDING CROSSING INSERTION 

BEAM I 

Length (m) Field {kG) or 
Element Polarit~ (Drift) Field Gradient {kGLm) 

(0.4) 
IBl Up 5.9 -9.033 

(21.9) 
IQl F 1.8 357.17 

(0.4) 
IB2 Down 5.9 18.663 

(0.4) 
182 Down 5.9 18 .663 

{15 .6)' 

IQ2 (Common) D 1.8 -357.17 
(15.6) 

IB3 Up 5.9 -18.663 
(0.4) 

IB3 Up 5.9 -18.663 
(0.4) 

IQ3 F 1.8 357.17 
(21. 9) 

IB4 Down 5.9 "9.033 
(0.4) 
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Table 5 (cont'd) 
Non-Colliding Crossing Insertion 

BEAM I I 

Length (m) Field (kG) or 
Element Polarit~ (Drift) Field Gradient (kG/m} 

(0~4) 

IIBl Down 5.9 9.282 
(21.9) 

IIQl D 1.8 -357.17 
(0.4) 

IIB2 Up 5.9 -6.892 
(21.9) 

I IQ2 {Common) F 1.8 357.17 
{21.9) 

IIB3 Down 5.9 6.892 
(0.4) 

IIQ3 D 1.8 -357.17 
{21.9) 

IIB4 Up 5.9 -9.282 
{0.4) 
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TABLE 6 

NORMAL CELL 

Length (m) Field (kG) or 
Element (Drift) Field Gradient (kG/m) 

(3.0) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
D 1.8 -357.535 

(3.0) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
B 5.9 18.166 

(0.4) 
F 1.8 357.535 
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APPENDIX II 

PROGRAM LISTING OF PROTON STORAGE RING PARAMETERS 

The following pages constitute the output from the program SYNCH1 

for one of the proton storage rings. In particular, it follows "Beam l, 11 

starting from the north end of the west long straight section, heading 

north in the upper ring. Lattice elements are designated in accord 

with the nomenclature below. 

Regular Elements 

F 1.8 m 357.535 kG/m ) 
) Quads 

D 1.8 m -357.535 kG/m ) 

B 5.9 m 18.16634 kG Dipole 

G 0.4 m ) 
) 

0 2.6 m ) 
) Drift 

R 21.9 m ) 
) 

s 25.6 m ) 

c GBGBGBGBG 

1 "SYNCH., A Computer Program for Synchrotron Design and Orbit Analysis, 11 

A. A. Garren and A. S. Kenney, notes dated February, 1974. An earlier 
version of this code is described in UCID 10153 by A. A. Garren and 
J. W. Eusebio. 
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Appendix II 

Insertion Elements 

Three letter identifier, made up of element type, name of insertion, 

and sequence number of that element type in the insertion. 

Types: F,D Quads 

u,v Dipoles, U = up, V = down 

T Drifts 

Names: H High Luminosity 

L High Angular Resolution 

p Phase Adjusting 

M Non-Colliding Crossing 

Example: FHS is the fifth horizontally focusing 

quadrupole in the high luminosity insertion. 

SS, SE Flags indicating start and end 

of straight section respectively. 
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I 
00 
N 
I 

SYNCH RUN fERH1LAb PDPAE RACf TRACK 
2-3-75 -

·====··=•:1111111111111111111:11::::11111111111111•••11111111111111111111111111111111111111111111111111111111111111111111111111111 
,.,.,. !OF • II 157,!>35 • .,..;---GD ___ ii -----·o-- •l57,535·--
,.,.,. &RHO a II 13l7l,t1U 
*'"* eo = 11 1s,1b•Jlb9 -;;,;;,t ___ lf--M,.,-----71-··5,9 -----0,----liRHO 110 
*'"* F f'!AIO II loll GF liRHO 
.,.,. 0 "'"' U ___ ~,~ l;D IS".IHQ ____ _ r•• G DHF II 0 1 14 

I *** 0 ORF II 2,11 
I *** R ORF II .?119 
~..-.-.-.---o" -n---as ,ii---

**• c "'"'"' 9 II G a G B a H Ii 
,-*!'" ____ RUI II HJ~_ti_BETA INSERTION COHPONENTl~--------------------------------
1 

HIGH BETA INSERTION COMPUNlNTS 
*** THI DNF ______ /j__ ~'~---***- flii--DRF II ~ 1 l 
••• THl Dlff II 01i? 
**'" THll ORF II 2 1 1 

IH•r~w5 ___ DHF n-· 1,0" 
i '"'"* THb ORF II Sl,11304 

**'" TH7 Off!' II 3b,010i? 
~ ••• -THli ___ DRF II i!,3719·-----------------------------------------------

••• Ht9 OHF II b, 1 
,.,.. lH10 OftF II 311,11 ___ _ 

i**O.-----rH i-l--ORl 11--Zll ~ 5 
I **• THU OHF II 4,5102 
I "*'" T,.,.U ORF ,1 __ 11912:19_4 __ ,, ___________ _ 
-..l;-TMlQ--0-RP II i!Z,O 

ua THlS ORF II 9,0i?b ,::: ~=~ 11--~:: ~~---~!52-1-11--1os~ci21i--ilH..ta o, 
I .... fHi? HAG II !t,O llS,"49 llHHO o, 
._~··-- FH3 H•G (.(_ __ ~.o :201111181..__llRHQ _____ o, _________ _ **• --Ftill--·-MAG- II 3 1 0 205 1 0'12 llRHO O, 

,.,.,. FH5 HAG II 11 0 67 1 11311 llHHO O, 
... fHll Holli (/ ____ l,()_ ____ i!i!o,'H& ___ llRHQ ___ 0_1 ____ _ 

1
-,.,.,. FH7--llAG- II i!10 JU,709 BRHO • 01 

•*• DHl HAG II 215 •105 1 924 llRHO 01 , ... owi! MAG 11___ ~.~ ---·- •H!:i,6119_._ llHMQ ____ o, ________________________________________ _ 
~iiia--iiHJ--HAi II !:i,O .. i?041ll8t tlHHIJ 01 

**• 0h4 hAu II J,U •i!US,072 llHHO 01 
*"• l.lh!:i t'AG _({ ___ ~•-0 •tJltb_34 __ 11HHQ ___ ~•----·--------------

;---;;;-;- (;ht> ,-..-",-- II l. 0 •2211. q l t1 8H1i0 0 I ' 

I .,.,. OH7 MolG II i!10 "3111709 BHHO O, 
! *"* UMt MAGY _II __ S,~ ______ J> 1 ____ 8RHO __ •li,83b2b 1 lbi!i!29 _ _.11ii!2i!9 
·-•• -.----UHl--iiiAGil II 519 0 1 llHHO •&71201211 12171120 1 2l7420 

**• UHll HAGY II 519 o. BRHO •tll,1184'13 ,2108119 12108•9 
'"** UHi> HAGY (_/ ___ 'j>,Y ____ _g._ __ ~RHO__ _!'lil1l9116Z_ 1 l'$4IJ4_$ ___ _.15q1~~----·-------------------

!-;.,,;;,.-vM·~---HiGY II 519 0 1 BNHO 16190855 S 
t ..,,. VHS M•GY II S,9 01 S~HO t•,Ull7 S 
L.!.!• R~~ l_/_L!Jjj_ J;lllLil!nRTION ELEME~i.IS,.___ ______ _ 

LO~ SETA JNSERTJON ELEMENTS 
--!~L_!l,1 __ pR~-------~-_1_io1~~'----------,-------------
, U• TL2 DRF II 11198 
' ••• TLl ORF II 1,0 

.,.,. TLll DRF /l_1!10 
~.-.;-'fL5--t)NF II 4,11·---------------------------------------------------

.,.,. TL6 DHF II 7178425 
**• TL7 D~F II . JO,_$, 



I 
00 
w 
I 

*** 1L8 OHF II l4,78425 
I'** Tl..9 DRfo' //. ii!,S 
*** ·FL1 MAG II 7e0 lii:81fl78 llRHO O, 
*** FL2 MAG II 3,5 Z91,l40 llRHO O, 
*** fLl HAG II 5,5 3Z8,Q80 llHHO O, 

~*!__[l.4 ___ 11.Ali, l(_.,,5 ____ l5S1Z7Q __ BRHQ_ _\I, __ _ 
••• DL1 11AG · /1 7, o · •lZ&,o7e llHHO o 1 

*** DL2 MAG II 3,, •291 1 140 llRMO O, 
~·~1 •. l MA.G II ,,s •3Z~_a:;9_1!Q._llHH0 ___ 01 -· .. -·-~------·--------------------------' "** DL4 MAG II S,S •35S,Z70 llRHO O, 

.... YL1 HAGY II S,9 o, llRHO 1z,s1>1 s 
_!_~·-~.!.~ ___ !"_A!Y 1_1_~1! 0 8HHO ___ n,024 __ s_ 

•*• VL4 HAGY II S,9 01 llRHO 1>1479 S 
*** YLS HAGY // 5,9 O, llRHO 11,ZSI> S 

_!.!_!.___l.!Li! __ !l_AG~ (!__5_,9 O, . !iRHD. ___ 1tl4131,_.al80~5S___aU_U5.,.S ____________ --'----------
**• ULS 14AGV II S,9 ~1 SRHO •17,024 1215155 1 215155 
*** REH II HU•CROSSlNG lN8£RTIDN COMPONENTS 

MU•CROSSlNG INSERTION COMPUNENT-S-------------·--··--·· - -

*** TMl OHF II 15 1 1> *•· YMl HAGY II s·,q . .l!L__ llRf'!O . 9,0325_.s 
•i*Y;;i&!--iii"A.GV 1/--5,9·----o, ---~HH0---18,l>Ul. I 

***. UM1 H-.Gv II . S,9 01 llRHO •9,0.U5 1114151> 1114151> 
... U142 14A_GV /l ___ ~(9 ______ 0t _______ .~RHO ___ '!_a11,1>1>_:U _ _.n_sjJ'.L_._a.u~!!.7~0._ _____________________ _ 
*** REM II PHASE•ADJUSTING INSEHTJON COMPDN~NTS 

--~'"'=P~~_Sf'".~ .. D~USTING INSEH!.llJlll. 1;0!'1_PON~~T_~-------
· ,.,.,. TP ORF // 1014 
... Rf.M II DPF1 1as DEG, PHA·SE Al>YANCE 

0J1F1 us oEr-. Ptt•sE-wv·~m-- ·-··- ------·-· 
*** OPll MAG II Z1 0 •31l 1 Z94 ~RHO 0 1 

*** DPlZ HAG II Z,5 17 1 135 dHHO 01 •**'P 1l-MAii" ;-,--z. s 1021&01 --llHHO ___ o. ----------------------------------
*** FP14 HAG II i!15 i!i!l 1 901> llRHO 01 
U• DP14 MAG II i! 0S •Zi!J 1 906 BRMO O__.___ 

- ..... -,. -DP13-i1Aii l/i.
1
5 •10i!,80f- BRH0---0, ---------------------------------

*** FP12 MAG II 2 1 ~ •171135 URMO O, 
*** FPH_M~G 11_].,o ____ 313 1 294 .. llRHO __ ....... 0.1 

-.-•• -- Rt.14· "II OPl"i! 1i!5 1 DEG, PHAU A"DVANCE . 

DPF2 125 1 DEG, PHASE ADVANCE 
--.-..----DPi? i -M4G ______ ii- Z i o-----.;Ji j; i!9q-llRHO--o· 

1 
*** DPZi! HAG II l 1 5 17 1 135 llHHO 01 
*** FPi!l MAG II Z1 5 10l 1 807 llHHO O, -.,..-----,.pz4------i;iu 17--z,s·----·2211901> -· &HHO ·---oi·---------------------------------· 
*** DP24 HAG II 2 1 5 •221 1 901> 8RHO 0 1 
*** OP2J MAG II Z,5 •lOZ,807 llHHO O, 

- ... ---FP22-~MAli 11··z,s-----· .. 11.1l'S "BRHO ___ o~ 
*** f Pi!l MAG II 21 0 313 1 294 URHO 01 

~!.!___ Rt.M l!_ __ ~~.t_~ __ li!_~_I Dt.G !PH~S~ Ai?VANf!_ 

OPF3 1Z5 1 DEG,PHASE ADVANCE . 
*** 0Pl1 HAG II 21U •31\,294 BHHO O, 

- •• ;;--oPJi! ___ MAG" 1r2,i:S·---· 171135 ···1:1HHO----o. 
••• FPJ3 HAw II z.~ 1021807 URHO o, 
*** FP)Q HAG II 215 . 22l,901> l:IRHO OL 

--;. ... --DPJli"- ... , "li-·z,":J-- .. ,.zi!3,906 l:IHH0---·----0, -----··-

••• DPll HAG II z,s •102 1 807 ~RHO 01 

*** FPJ2 MAG II Z1 ti •17 135 SRHOL_ __ O~..L-------------.,...-----------------------, ~~H1--f'ii(; Ti-z,·v - JH!-i?9ir-dHHO o, 
*** RtH II OCO lST HALF NURHAL C~LL1NORTH 

utDTIT HALf NDlOC~tEU""ihiJATH 
. ..., ftD 1t•M J II 0 C 0.1• 

••• flt." '' QCf' illOD .. 111;.P' IODRMllL. C:EL.L.1NQRTH 

-l 
s: 
I 

(Jl 
_p,. 
---J 



I 
00 
..i:=. 
I 

Otl'' llllD HALF NORMAi. C!l.l.1NORTH 
"*• OCf' HKM 3 . 11 0 C I' 
*** REM II FCC SST HALf NORMAL CELL1SOUTH 

FCO 18T HALF NORMA~ CfLL1SUUTH --.,..-,co·--·- ""'"'------:s ·· ·-- /1 F - - c---o-----·-----·----------·----
*** REM II DCO 2ND HALF NORMAL CELL•SOUTH 

-· ----DCOifNI) HA-,.. NO-tfriK"-tEi:L:"i iitiUTM. 
•** DCO MMM J II D C 0 
••• AEJ!. _____ .ll _ ~5--·-~--'·~·-~~Lfl~JtL!~P-~~!_QF __ '-.Q~.f?-~-T~~J_l~I8 

SS + ES ARE START ANO tND OF LON~ STRAIGHTS 
•U SS PHF II O,O **• ES ___ i>liF i/-o;o. 
•u REM II RT • ENTIRE RACET_RACK 

,--~r-.:-t:N TI R1RACETfifA-Ci< --- ------------ -
· *** .RT CYC 41241 II F R 8 G D I: II R F 0 C D 

* l( __ Q_ t F _J)_ __ ~D __ O_._C__f __ o__.c__o_ -------------------~ * II U S F O C D 0 C F 0 C D 
• II U C F 0 C D 0 8 F 0 C 0 
* 11__y ___ c __ , __ Q ____ c_o __ o ____ .s .... __ F ___ o ___ c ___ o .. ---------------------
* II 0 8 F . OCD OCF OCO OCF OCD OCF OCD OCF OCO 
• II OCF OCD OCF OCD OCF OCO UCf OCD OCF OCD OCF OCD * f./ __ OCl'__OC!> __ OCF __ OC!L . ..o Ot:~_CJco __ UCf,,_OCO - oc,,._oCD ___ ocF._ OCQ. _____________________ _ 

II OCF OCO OCF OCO OCF UCD OCf OCD OCF OCD OCF CCD 
II OCF OCD OCF OCD UCF UCO OCF OCD OCF OCD OCF OCO 

.. II OCf oco OCF CCD OCF IJCD IJCf' Oto OCF OCD OCF oco _________ _ 

1

.----•• -·----------i r··ocro ____ OCD - ·ocF- OCD - Ut:F - -UCO - OCf' -OCD .. OCf' ... OCD ·- OcF- OCD 
II U C ~ 0 . C D U S F O C D 

I "' 1~_-!L_fi __ _, ___ G _. ___ .1:1. ___ l'l ___ ,_n _.o ___ o __ ._s _____ f. ____________________ _ 
* II U 8 D 0 S F CJ 8 0 . O · 8 F 
• II 0 8 D 0 8 F 0 8 D 0 S F 

_ _.. • .__ ________ _._L_jl ____ s __ · JL_ ___ o ----~_If ... ·--IL_ 8 ---- D -·--0 - s __ f ··-
I • II 0 5 D 0 8 F U S DPU TP OPll TP 
j II FPll TP FP14 TP 0Pl4 TP DPlJ TP FPU TP FPU THl 
1._ _· _,,_ _________ u_ut_ll __ G __ l,IHl __ JL ___ UHi___G .....••. TH!! __ FHl -· TH) __ o.i2 -- ™"-- FH]. ____________________ _ 

II THS FH4 TH6 VH2. G YHl G VH2 G VH2 G VH2 
II G VHZ G DH5 TH7 FH& TH8 DH7 TH9 UHl G UHJ 

_ _,,_ __________ 0 ___ ~-- IJH3_1; ___ .THIQ THH UH4 ___ G _____ UH4 _IL UH/I _G ______ UH/I, ____________________ _ 
II G UH4 G FH7 THe DH& G VHS G VHS G . VHS 
fl G VH5 G VHS TH12 fl1S T11U THlll Otlll THS DIO TH4 

'----"'-----------ll_FHZ. _THJ DHI _ THtlLUH6. THU DP2l TP __ .QP2i! TP .. FPi'!:LT~--------------------
11 FP24 TP OP211 TP OP2J TP fP22 TP FP2l ES R 8 
II 6 D G 8 R F C 0 D S 0 F 
I.I. c . 0 0 c 0 fCO oco fCO oeo FCO oco _fl;Q, __________________ _ 

---11-·ocirFcU--DCU fCO DCO f'to''ocu J'CO Dco FCC oco Fco" * 
* II OCU FCU OCO FCO DCo FCO DCO FCO DCC FCO DCC FCO 

* /L __ DCU_FCU_DCQ_Jco._oco_FCO ocu. FCO. DCQ FCO. oco FCC)_ 

* II DCU FCD OCO fCO Dea f CO OCU 'CD OCO FCC OCO FCO 
• II CCU FCU OCO FCO DCO fCO OCU fCO DCU FCC OCO FCO 
•, _________ __, t_ocu - FCO_ l)Cl,l_, FCQ _ DCQ fCQ - ocu. FCO DCO Fco. oco ... FCQ ___________________ _ 

f.* II DCO FCU D 8 0 F C 0 D S 0 F 
I * II C 0 D C 0 fi C 0 D 8 U F ! * t __ c ___ .o __ D ___ c __ o ___ F _____ c ____ o ___ .o._ c.. __ o ______ F ____________ ~--------

* 11 C 0 D 8 U F C 0 D C 0 F 
* ti C 0 0 S 0 f C 0 0 R a G 
• _________ __,_II f ___ G B _R -- __ D_, ___ ss - T_Ll ... VL' . TL2 .. - TL3 .!lLl _____________________ _ 

r---j. II TL4 FLi TLS UL2 . G ULi! G Tl.b YL3 II DLJ TLJ 

• .. .. 
II FLll TL7 TL7 01.4 Tl.J FL3 G ULJ TL8 DLZ G YL4 

________ II. Tl.CL PL1 Tt,,J_ D __ Tl.2 Yl.!s lLl f P3t TP FP32 TP. DPU_._ 
II - TP OPlll TP FP311 TP FPJl TP DPli! lP DP3l G UM1 
II R F G YMZ G VM2 TMl D TMl UMi! G UMZ 

··!__---~~~~~~L'~~G~__r.F~--.JR:....--~VM~li....~G--~D---JS:.........io~_..Fr....--~s ..... ....1.1.0 .... ...i;:D .... w ...... n ................................. ,,.,_, ... , •••• ,MlT•T•r--------



I 
00 
O'I 
I 

II II u r 8 u u 8 IJ f 8 0 0 
II s 0 F I 0 D II 0 ,. 8 0 D 
'II Tl.l VLl TLil F TL.J DL.l TL.II FL.2 TLS UL.2 G UL2 
II G TLb VLJ 6 OL:S TL3 fLll TL7 TL7 OL4 TLJ FL.3 
II G ULJ TL8 DL2 Ii YL4 Tl.9 fLl TLJ D TL2 YL"S _________ ___ /L_ TL l u -- -·----- .. -- -·--··--·-·--- -. ---· --- -- -· --- . ---

·-·-·····-···-~·-······--·-··············-···········-···-···-~····----~~-·-···-·····--·---········----~---·-----·-····-----·-····· RT 
POS 5 P§!l<_ ___ _l!LiU_l!_ __ ,.1.Pl'IA)! _____ XEQ _______ _DXELI _________ p_Sl'L ____ Sl;TAV ______ ALPHA'i_~_'fEQ~Q'tEQ._ 

· o o ! 00_009__~1 oouoo _____ n1 ollll99o __ ~z 1 11211i;11 _ • 1 us99111_!'1002711 _____ .9.100000 ___ '81011on2 ______ 11178211 _ _____.jlOUl_. 00001 _ 
1 F 1180000 ,ooze3 99,7J06Jl 2119021 •10112z25 100021 1011111 1810511115 •1485411 ,00255 10001• 
2 R 23,70000 1071711 271321117 1911107 • 1057731 100021 111991 72,1420111 •1198437 1001170 100019 
s e 291110000 ,UJ58 18185"7011 ,s18n_.101288l ____ 100822 ___ ,11109 ___ 9719l4715 ___ .~.1e1u __ 11l078L _ __.ooon_ 

-i!"G ___ 30 1 00000-, ll 700 --18 ~11523ll-- 1119201 • 1029593 100822 , 11174 99 18553'6 •2 1411149 1110790 100019 

s o 3i;eoooD-;iff78--iii;1t11ii11'ij--•-;ii88117--;;015ns 
11 G 32 120000 1llbl9 l81811817J • 151551 • 101lD22 

1U0713 11lQ56 9918&7102 211108111 100790 •1000lt 
100713 113521 97195141111 213809] 100782 •100019 

_L,,,_11 ____ 3~ 1 iQCJOQ____._Hil09 ___ U ,z&9oq~ ____ • 191175 ___ 105210 ____ 101s1s ____ 1103e ___ 121221on_---11980oL__.oou _•1ooon.. 
8 R 60 100000 12q/19 99 1 11121190 •2 1l82Q7 13811438 101515 1211970 181172545 11187911 1002115 •100019 
' , •t180UOO .2soo1 99131188!)7 Z,111680 11911782 •100374 126572 181159923 •148074 100220 •100008 

·--·---·--------···· --· ·-----···-· --- ----
lO o _1111,110000 12sqq7 87121111988 2,21111 138501111 •1003111 128692 21111eo12 .,115101 100199 •100008 

_u_~ ____ 9o 10000_0 ___ 11uo1 __ 111 799933 ____ 1111s01 ___ ,119971l_10i?832 ______ 1llllll1 ___ 991121282 --~213ee8q ___ •100011 .•.100008 _ 
12 o 9&180000 138lJo 1718057711 •1Q78l7 17il1955 106371 1l8Qi!o 991105375 Z1397Q2 •,00025 •100007 
13 0 9Q1llOOOO 1401195 2017S98Qi! • 1 65781 1 9Q711ll 1011371 118871 871099027 21220110 •1000411 •100007 
u a --~~ ,9000_0 __ _.~_o~~e __ ,,.!11B33L_!.h'!241'5f!_z. 'a787o& __ 10UH -.-----•500117..._J 810111994 ___ .. ~l.T.41._"!. ooua __ "!. o.oo_or_ 

_ l !i_ _ _t __ 121, eoooo ____ 1so292 __ 99, 73 l 9 &e ___ z 1 Ho26 ____ 21 s8oa116 ___ "'.106133 -----..--- 151116L _ u 105015q ______ !'148&08 __ .. 1002s5 !'1ooo19 
t& 0 1~11 1 40000 1507311 8717S76J1 2 1 21524 2 0 421~011. •10fl1l3 1 51791 21101107117. • 111111115 •100305 •100019 
17 C 150100000 161108 181452i!llq 1119203 1126111113 •102927 163219 99 18668118 •2 1111383 • 100790 • 100019 
Ill D 151,80000 103'!!86 l8144b3&'5 • 1 118116" 1ti!U2112 1011011 __ 111l502 __ 99 187526l ____ ~ 1 1101il0_•_1 o0789 _ _.oo019. 

-i,-a·--&Sil,-iioooo ·-10taH.s-2i144U111> --.1u12s ---1 131l.s9so·---·1011011 .t.J91111 871Bo111e2 21212u •.00739 100019 

20 c uo~ooooo-·-~111121 --c;911109l10--.z,3e24i 2151111937 1011110 -----~15024 u11112so~--- ~48uo--,;~002iii--~00019 
21 , 181180000 .1su11 991Jq57e& 2,q1&11 21~s12e5 •,Ot.051 176029 1811270611 •147927 •10021• 100008 
22 o 184 ,40000 __ 175qso __ B7121111:s611_2,2.no _____ 21l9391ii! __ .. ,011os1 ____ 178752_ 21,077879 ___ !l.115S&s __ .,0019l1_100008 
21_c ___ z10;00000 186709 171800121 1111so1 f,2~,282 •1ozeqs ,ae2111 99,041480 •21188115 100015 100008 
24 D 211180000 1883115· &71801ioeo •1471141 11258085 ,03159 188501 991031770 2139389 100029 100001 

----------- --------- - --- - ----- - ---- ------ - -- - ------ -

25 0 214140000 190,03 2017603118 •1115785 11Jll0215 103159 1889117 87 1 0111~00 2121718 100048 100007 
20 _s __ 2110100000_ 1.ooun ___ 9916114U __ __!i!11124112 ____ 21 14se811 _ 103159 ____ 1 1 ou u ____ u,ooso:s11 __ 147_7i!7____. 002n_1 o.oou. 

· 21-, 2411&0000 1~00100 991730948 2139034 21112s:s2 •,011119 1101121 1810829~7 •148750 1002511 10001• 
28 U 21111.110000 1100742 87171'021¥ 2,21,32 1,920139· •,071119 1101853 211080893 •,00550 1003011 100019 
~9_C ____ ?_!!1_~0~~~-_!_1 l l!_~! ___ 1811152~8~ __ 1_~9~05 150122l ___ "._10396~ 1,_1126'7 __ 99 1 1145t2!_!_?_,_~l00L _ _,Cl_o_?_~L __ ,ooUi. 

JO 0 271,80000 11132911 IB1llllbO~I ·•,118861 1Q50714 
-:n--0---2111,410000 -1 11Sl8l-.i!l11111071i--·-·,;. 111bJ21 ·-·- 1110b794 -

32 c 300100000 112117311 9914011251 •2138235 136111180 
ll ~ 101180000 112~u20 9911112717 21111602 1 l9'aoq11 

-1ii--o--ioli ~11oooir- i-. 2s11ici-·-·u 1z1111q2 ____ 2,u100 ---- .~11~3qo 
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