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PREFACE

In preparing this design for a large colliding beam facility, the Lawrence

Berkeley Laboratory (LBL) and the Stanford Linear Accelerator Center (SLAC)

have responded to the great importance of the colliding-beam technique for

reaching otherwise u~attainable reaction energies,. The physics possibilities of-

fered by colliding beams are attracting growing enthusiasm from both experi-

mental and theoretical physicists. The successes already posted by colliding-

beam storage rings in the U. S. , in Europe and in the USSR, and especially by

the SPEAR electron-positron project at SLAC have established at once the fea-
~

sibility of designing and building such machines on a large scale and the practi-

cality of doing physics experiments with them.

The proposed storage ring (PEP), operating at beam energies of up to 18

GeV, will make collisions yielding an interaction energy of 36 GeV in the center

of mass. This is greater than the interaction energy achievable with 400 GeV

protons from either the CERN ITor Fermilab accelerators, the two largest sci-

entific instruments ever constructed. By comparison, the effectiveness per

dollar of cost of colliding-beam facilities is most impressive.

, This would be the third storage ring project to be constructed at Stanford.

The first, the 500-MeV Princeton-Stanford electron-electron storage rings, per-

formed the first high-energy experiment with colliding beams. The second, the

SPEAR facility, now upgraded to a beam energy of 4.2 GeV, is providing new

results with profound implications for elementary particle theory. Many of the

design details of the facility proposed here are based on SPEAR designs and ex-

perience, the success of which establishes the technical feasibility of the pro-

posed facility and also provides a strong 'basis for confidence in the cost esti-

mates.
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The SLAC and LBL accelerator groups together comprise a highly comple-

mentary group with technical expertise and capability that is well-matched to the

requirements of the PEP project.. A successful joint study has been under way

for the past three years, and early in 1974 a formal agreement for the continued

collaborative effort In the construction and operational stages of PEP was nego-

tiated.. The Regents of the University of California and the Trustees of Stanford

Uniyersity have given approval for this cooperative venture..

The facility described in this report is designed to allow readily for the later

addition of a superconducting proton storage ring to be capable of storing 200- (or

GeV protons for collision with the electrons or positrons.. The design also per-

mits the installation of a second electron-positron storage ring to furnish the

capability of electron-electron collisions and positron-positron collisions if that

should prove desirable.. Neither of these additional rings prec ludes the other;

i. e. , both could occupy the tunnel at once.. The physics potential of these im-

provement programs fully warrants providing this compatibility now.

In proposing to construct this storage ring at SLAC, advantage is being taken

of the availability already there of the very high energy, high-power electron ac-

celerator with its attendant high-current positron beam. The two-mile acceler-

ator is a uniquely suitable facility for meeting the filling requirements of a high

energy electron-positron storage ring like PEP.
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I. INTRODUCTION

A. History of the Project

In the summer of 1971 a group of physicists, including visitors from CERN

and Frascati, Italy, working at LBL and SLAC, began to examine the feasibility

of a new and powerful colliding-beam complex which could be capable of pro-

ducing collisions at higher energies than hitherto envisaged between electrons

and positrons and also between electrons and protons and between positrons and

protons. They concluded that such a facility was quite feasible and that no

known physical limitation of the behavior of stored beams would prevent the

achievement of luminosities sufficient to yield useful reaction rates for many

important high-energy-physics processes. The facility, then, would cqnsist of

an electron storage ring and a proton storage ring. To illustrate these conclu-

sions, a conceptual design example was described and analyzed. 1

The collaborative study between LBL and SLAC continued and grew, in-

volving more people as more refined concepts and designs were devised, and a

combination of an electron-positron ring capable of beam energies up to 15 GeV

together with a superconducting proton ring emerged as the preferred design.

It was dubbed PEP. 2,3 In the meantime, other laboratories in both the U. S.

and Europe began studying similar or related ideas, and their representatives

came together at SLAC and LBL in the summer of 1973 to exchange and compare

ideas.

By this time there was a consensus that the electron-positron storage ring

component of the system, operated at beam energies up to 15 or 20 GeV and ca-

pable of yielding high luminosity iIi electron-positron collisions, was but a

straightforward extension of techniques already successfully used in several

laboratories and that such a ring could confidently be designed and built

- 1 -
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immediately. For the proton ring, superconducting-magnet technology offered

the promise of achieving high beam energy with economical size and with low

power consumption; however, there were some technical uncertainties yet to be

resolved.

In the meantime ,electron-positron rings operating in Europe and the U. S.

had revealed that a wealth of new and previously unexpected information concern-

ing the structure of elementary particles, both leptons and hadrons, could be

gained from electron-positron collisions. These experiments made it clear that
.>"

it was urgent to move to higher energies than those available from existing ma-

chines.

With these facts in mind, LBL and SLAC jointly decided to propose the im-

mediate design and construction of the 15-GeV electron-positron storage ring.

The proton storage ring was deferred pending further development of super-

conducting technology. The two laboratories agreed to locate the facility at

SLAC and to design the electron-positron ring and its housing to be suitable for

the addition later of a 200-GeV proton ring. Such a ring is briefly described in

Appendix A of this report. Usage had established the name PEP, so it was re-

tained for the e+-e - ring. The two universities signed an agreement in Feb-

ruary 1974 outlining joint financial and management arrangements for the project

The text of that agreement appears in Appendix C of this report.

The PEP Proposa14 was published in April 1974. Since then steady progress

has been made in the design of PEP to improve its performance potential, es-

pecially at higher energies. Component systems have been optimized to reduce

their costs where possible and the facility has been tailored for ready and flex-

ible experhnental utility. This joint LBL SLAC research and development pro-

gram has produced several tangible' results, including Inodels of bending magnets
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and quadrupole magnets, a working test model of the 500-kilowatt klystron (in

itself an accomplishment unparalleled elsewhere), test sections of vacuum

chamber and a new highly compact and economical injection beam line design.

All this has been accompanied by the successful operation of SPEAR II, which

embodies many of the principles used in the design of PEP, and is therefore an

ideal prototype. For example, the performance of the two-mile accelerator as

a positron source for PEP has been verifiedo As another example, a rather

good theoretical understanding of energy loss to electromagnetic modes in the RF

cavities and other discontinuities in the vacuum chamber has been attained, and

measurements of these losses have been carried out on SPEAR IT, the results of

which have been used to establish the criteria for PEP. Furthermore, experi-

ments, detectors, and interaction~area requirements have been reviewed by

many physicists fro~ other laboratories throughout the world in the Summer

Studies of 1974. and 19750 Suggestions and improvements resulting from these

studies have been incorporated into the PEP design.

Those aspects and components which have been worked out in greater detail

than can be presented in this report are described in PEP Notes, a list of which

can be found in Appendix D.

Bo High-Energy Physics with Electron-Positron Colliding Beams

High-energy electron-positron colliding-beam storage rings have opened a

new window on the physical world, where elementary particles of matter and

their interactions can be studied in a particularly simple and convenient manner.

When an electron and its antiparticle, a positron, collide they can annihilate

into a state of pure energy, losing their former identity 0 This energy then re-

materializes into combinations of elementary particles which, in turn, can be

observed in experimental detection apparatus. In conventional accelerators

- 3 -



where primary beams strike material targets, this simple annihilation state

does not occur, nor does itwhen beams of protons collide in a proton-proton

storage ring. Thus electron-positron storage rings provide data about the s~ruc-

ture and interactions of elementary particles in a new experimental regime.

The view provided by present and past generations of electron-positron

storage rings has added significantly to our picture of the subnuclear world. As

new higher energy storage rings have been built and the energy of existing rings

increased, surprising new information has been uncovered at every step. The

most dramatic example occurred in November 1974 with the completely unex- ..~

pected discovery of an entirely new family of relatively heavy and long-lived

subnuclear particles. The first of these new particles was discovered simulta-

neously at the SPEAR5 electron-positron colliding-beam facility at SLAC and at

the Brookhaven National Laboratory 6 using very different techniques. Within

days of the discovery of the first particle, a second, heavier one was found at

SPEAR.7 Further studies at SPEARS, 9,10 and at the German storage ring

DORIS11 (located at the DESY Laboratory in Hamburg) have revealed still more

new particles related to the first two. These results are among the most ex-

citing events in the recent annals of physics. It is now clear that higher energy

storage rings can greatly enlarge our view into the annihilation region.

With the PEP storage ring, we extend the center-of-mass energy in elec-

tron-positron collisions to 36 GeV, more than a fourfold increase over that

available at SPEAR. The available reaction energy will be larger than that ob-

tainable at the world's highest energy accelerators, even though the energy of

the PEP circulating beams is very much lower. This is true because, when two

oppositely directed antiparticles of the same momentuln collide, the total energy,

i. eo , the sum of their energies, is available to the reaction. In contrast, when
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a beam particle from a conventional accelerator strikes a stationary target par-

ticle most of its energy is necessarily tied up in the continuing forward motion

of the reaction products, as required by the law of conservation of momentum.

Only a small fraction is, therefore, available to the reaction. Table I compares

the available reaction energy for the PEP electron-positron ring and for the

four highest energy machines now operating or under construction, including the

world's only proton-proton colliding-beam device, the CERN Intersecting Stor-

age Rings (ISR). The most important conclusion to be drawn from the table is

that the PEP facility will provide available reaction energies spanning almost

the entire range nmy covered by other machines, and will do it by a process in-

accessible through the other machines..

It should be noted that an electron accelerator capable of producing the

same available reaction energy as PEP by striking stationary-target electrons

with high-energy positrons would have to accelerate the positrons to more than

a million GeV, about fifty thousand times the energy of the SLAC two-mile ac-

celerator, by far the most energetic electron accelerator in existence.

T ABLE I

Center-of-mass energy from various high energy machines

Machine
Available

Reac tion Energy
(GeV)

36
+ -

PEP (18-GeV e -e storage ring)

SLAC (23-GeV electron linear accelerator)

NAL (400-GeV proton accelerator)

CERN n (400-GeV proton accelerator)

ISR (30-GeV p-p storage ring)

606

27

27

60
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The range of experimental studies opened up by PEP is extremely rich and

varied. It spans the entire field of elementary-particle interac'tions: strong in-

teractions, electromagnetic interactions, and weak interactionso

Reactions leading to mesons and nucleons in the final state will reveal new

and vital information about the strong interactions and the structure of the ele-

mentary particles. For example, a conceptually simple experiment, the mea-

surement of the total reaction probability to produce strongly interacting parti-

cles from electron-positron collisions, tests very basic hypotheses about the

structure of the particles produced.

Thus far the theory of quantum electrodynamics is the only successful field

theory in particle physics in the sense that all experimental tests to date agree

with the predictions of this theory. Through the study of processes with only

electrons, mu-mesons, and gamma rays as reaction products we can probe the

electromagnetic interactions to smaller distances than hitherto possible.

PEP will open wide new vistas for the study of weak interactions via elec-

tron-positron collisions. For example, the colliding electron-positron pair can

transform itself into a mu-meson pair either by the weak interactions or by the

electromagnetic interactions. The energy-dependences of these two processes

are very different, so that the weak interaction, which is negligible at low ener-

gies, becomes. more and more competitive with the electromagnetic as the in-

teraction energy is increased. At PEP energies, the interference between the

two processes is expected to become observable 0 Particle physicists are now

seeking a unified picture of the weak and electromagnetic interactions and PE P

offers the possibility of testing these concepts from a new experimental vantage

point.

- 6 -
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In summary, the proposed high-energy electron-positron colliding-beam

facility PEP offers the possibility of the study of a very broad range of funda-

mental questions in particle physics in a new and presently inaccessible energy

region. The profound discoveries made with the present generation of electron-

positron colliding-beam facilities lead us to expect new phenomena to be un-

covered with this device. These experiments, together with the complementary

experiments with protons, neutrinos, and mesons at the highest-energy proton

accelerators, offer great promise of leading to a new depth of understanding of

elementary particles and the fundamental laws of physics.

More detailed summaries of PEP physics expectations have been published
"

previously in references 4 and 26 and in the proceedings of the 1974 and 1975

PEP Summer Studies (PEP-137 and PEP-178).

c. Description of the PEP Facility

The main component of the proposed facility is a storage ring in which

beams of positrons and electrons circulate in opposite directions in a vacuum

chamber embedded in a magnetic guide field having six bending arcs and six

long straight sections. The major diameter of the ring is about 710 m and the

radius of the arcs is about 240 m. The facility is shown in Fig. 1. The elec-

trons and positrons to be stored in it are produced in the SLAC linac and are

introduced into the storage ring via two beam transport paths emanating from

the end of the two-mile accelerator. One path joins the storage ring in the

northwest straight section and the other in the southwest straight section.

Beams of energies up to 18 GaV can be stored, and, at a future date, compo-

nents could be added to permit energies as high as 22 GeV. Provisions are

also made in the design of the ring housing so that a synchrotron-radiation re-

search facility could be added in the future.
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The energy lost from the beams by synchrotron radiation is restored by a

high-power radio frequency accelerating system which employs klystrons to

drive the accelerating structure at a frequency of 353 l\fiIz. The system is ca-

pable of delivering five megawatts of power to the beams. Since much of this

power appears as synchrotron radiation which strikes the outer wall of the vac-

uum chamber, that wall must be water-cooled. Moreover, the radiation causes

the evolution of gases from the vacuum chamber surface and these gases must
-8

be pumped away very rapidly, because low pressures (about 10 Torr) must be

maintained in the vacuum chamber both to achieve adequate beam lifetimes

(several hours) and to attain low experinlental background counting rates.

These low pressures will be sustained by means of long, narrow sputter-ion

pumps located in the vacuum chamber in the bending magnets directly alongside

the beams.

The proposed storage ring is designed to generate a luminosity (reaction

rate per unit reaction cross section) of more than 1031 cm-2sec -1 per interac-

tion region at beam energies between 5 GeV and 18 GeV and a maximum lumi-

nosity of 1032cm -2sec-l per interaction region at a beam energy of 15 GeV.

This luminosity is adequate to support a vigorous experimental program. To

achieve this performance, it is necessary to store a particle current of up to

92 milliamperes in each beam. Based on the performance of the SLAC two-

mile accelerator in filling SPEAR II, the filling time for PEP will be a few, min-

utes, which is a comfortably short period compared to the storage time of sev-

eral hours and ensures that storage ring operations will consume only a small

fraction of the linear accelerator beam time.

The fundamental limitation on the performance of existing electron-positron

storage rings is the so-called "incoherent beam-beam instability" .which

- 9 -



inlposes an upper limit on the current density of the beams where they collide.

The magnetic guide field of PEP is designed to attain the specified performance,

as described in Section II, within the limitations established by this instability.

Other instabilities have been observed in operating storage rings affecting both

single stored beams and colliding beams, but techniques have been found to cure

or to avoid them and these techniques are incorporated into the PEP design.

For 'these reasons, the high luminosity planned should be attainable..
. .

Each counterrotating beam will be concentrated into three bunches, each a
t

few centimeters long.. They will be equally spaced around the ring, with the

result that the bunches will collide at only six places.. We will control the fill-

ing process such that the collisions will take place only at the centers of the six

long straight sections, called interaction regions.. Five of these interaction re-

gions will be housed in experimental halls of various designs where the high-

energy-physics experiments will be carried out.. The designs for these halls

and the rationales for them are presented in Section IV.. The sixth interaction

region (northwest) will be reserved for accelerator physics measurements and

compatible particle physics experiments on a modest scale..

D. Other Electron-Positron Colliding-Beam Facilities

It was over a decade ago, in 1963, that a joint Italian-French group ob-

served the first definite colliding-beam reactions in a small electron-positron

ring at Orsay, France.. Two years later, in 1965, the first colliding-beam

high-energy-physics experiment was completed with the Princeton-Stanford

500-MeV storage rings at Stanford.. Since then a substantial number of colliding

beam facilities have been built..

The capabilities of the world's principal electron-positron storage rings

are characterized in Fig. 2, in which their maximum center-of-mass energy

- 10 -
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(available reaction energy) is plotted against their maximum luminosity. It

should be emphasized, however, that the maximum luminosity does not occur at

the maximum center-of-mass energy but at somewhat lower energies (see, for

example, Fig~ 8). Concerning the Novosibirsk, USSR, storage rings, there are

uncertainties as to when they will begin to function or when they will be built;

hence the question marks. Neither the early Stanford-Princeton rings nor the

very successful Intersecting Storage Rings at CERN in Geneva appear on the

graph because they produce electron-electron and proton-proton collision~, re-

spectively 0 Design studies of electron-positron storage rings having maxjmp.m
.~

beam energies in the range 14 GeV to 19 GeV have been under way for some

time in the United Kingdom (EPIC) and in Germany (PETRA), as well as in

Japan (TRISTAN). Construction of PETRA was autJ.1ortzeg ~1lQJtpber 1~75 and

excavation work began in January 1976.
)

E. Cost Estimate and Time Schedule

The estimated cost of the PEP storage-ring facility is $610 9 million (ex-

pressed in June 1975 dollars). We estimate 4 y~a..rs to Q9n.~trg.~t ~p.gQrtJlg the

facility into operation, based on the schedule of availability of funds given in

Section V.

Since both labor and materials costs continue to rise, an escalation allow-

ance of $16. 1 million has been made over the 4-year construction period; thus

the total required project funding is estimated at $ 78.0 million.

Details of the estimated costs and construction schedules will be found in

Section V.

- 12 -
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110 DESCRIPTION OF THE ELECTRON-POSITRON STORAGE RING

Ao General Parameters and Beam Dynamics

10 Tables of Parameters

Table n summarizes many of the important parameters of the PE P e+-e -

storage ring, including general parameters and lattice parameters, worked out
° 12 " 13 " 14

with the use of the computer codes TRANSPORT, SYNCH, and MAGIC.

. Table ill gives typical beam parameters for different operating energies and

configurations. More detailed parameters are discussed in Section TI. G. A

compilation of most of the storage ring parameters can be found in Appendix F <~

for fast reference.

2. Choice of General Parameters

Four primary goals were set for this storage ring: (1) to cover the range of

beam energies' from 4 GeV up to 18 GeV in order to provide a range of center-

of-mass energies extending from that available at other smaller e+-e - colliding-

beam machines up to that available at the largest proton accelerators; (2) to

° ta
°

1
° °

t
o

10
31 -2 -1 "t 1032 -2 -1 th

O
tmam In umlnosl les cm sec 0 cm sec over IS range so as 0

provide experimentally useful reaction rates; (3) to furnish an adequate number

and variety of experimental halls (interaction regions) to accommodate a vigor-

ous and varied national program of experimentation; and (4) to ensure that the

housings and experimental halls will be compatible with the possibl~ future addi-

tion of a superconducting 200-GeV proton storage ring for e-p .collisions, or

. - - + +
with another 18-GeV electron ring for e -e or e -e collisions, or botho

These goals, together with the size, shape, and geological characteristics

of potential locations at SLAC, led to the choice of the six-sided storage ring

shown in the site plan of Fig. 1, Section I.C. With a radiofrequency power of

- 13 -

r; ;11 U -,..r
;;".. ";:'Ii ''J

.." ""..
" U I



TABLE II

General Parameters

Beam Energy, E

Nominal Maximum

Minimum

18

4

GeV

GeV

Design Luminosity per Interaction Region, f£max
At 15 GeV

Below 15 GeV

32 -2 -1
1 x 10 cm sec

1032(E/15)2 cm-2sec-1
31 -2 -11.5 x 10 cm secAt 18 GeV

Nominal Crossing Angle, 20 0 radians
.I@

Number of Interaction Regions

Total (superperiodicity)

Available for High-Energy Physics

Reserved for Machine Physics Studies

6

5

1

Number of Stored Bunches, Nb

Available Length at Each Interaction Region for Experiments

3

19.0 m

Lattice Parameters

Straight Section Length

Gross Radius of Arcs

Magnetic Bending Radius

Maximum Diameter of Ring

Circumference of Ring

Normal Bending Cell Length

Total Number of Cells

Effective Length of Bending Magnets

Effective Length of Cell Quadrupoles

Bending Field at 15 GeV

Linear Tune Shift per Interaction Point (~v = ~v )x y

- 14 -

117. 086 m

238.330 m

165.518 m

710.843 m

2200.000 m

14.350 m

96

5.40 m

0064 m

3.023 kG

< 0006



TABLE ill

Typical Beam Parameters for Different Lattice Configurations

.0

c>

(:;,

..to.

..:t\.

c

~\:J

.~

CJ:

oc~

.<Ie

5 GeV 10 GeV 15 GeV. 18 GeV

Total Betatron Tunes

Horizontal
IIX

12.75 15.75 18.75 27.75

Vertical
lIy

15.75 18. 75 1!r. 25 18.75

Momentum Compaction a O. 01530 0.00690 0.00423 O. 00164

Transverse Damping Time TX' Ty
0.220 0.0275 0.0082 0.00472 sec

x-y Coupling Coefficient IC 0.250 0.275 0.274 0.105

Horizontal Emittance (€ = u2/fJ ) €x O. 168 0.245 0.234 0.087 mm-mradx x x

Vertic al Emittance (€ = u 2/ fJ) O. 0105 O.0155 O. 0163 0.0010 mm-mrad
y y y

Number of Stored Particles (each beam) N 1.23 x 1012 2.68 x 1012 4.15 x 1012 0.59 x 1012

Synchrotron Radiation Power (each beam) Prad O.0089 0.312 2.443 0.72 MW

Linear Tune Shifts per Interaction Point

Horizontal A "'x 0.06 0.06 0.06 0.03

U1 Vertical
Ally

0.06 0.06 0.06 0.06

I
Luminosity (each interaction point) 0.11 x 1032 0.44 x 1032 1.00 x 1032 O. 5 x 1032

-2-1
cm sec

Normal Cell Parameters

Horizontal Phase Advance
1/Ix

24.40 36.20 47.00 72.40

Vertical Phase Advance
1/Iy

24.60 35.40 35.70 33.30

Maximum Horizontal Beta fJx max 42.0 31.5 25.6 20.9 m

Maximum Vertical Beta
13ymax

41.6 32.2 32.9 40.0- m

Maximum Momentum Dispersion 71max
6.21 2.84 1.86 0.81 m

Interaction Region Parameters

Horizontal Beta .. 4.600 3.800 3.800 4.00 mx
Vertical Beta /3.* 0.160 O.180 0.185 0.20 m

y
Momentum Dispersion 71* -2.360 -1.020 -0.672 0.00 m

Horizontal Beam Size (betatron)
U;{3

0.878 0.882 0.910 0.59 mm

Horizontal Beam Size (dispersion) u;E 0.786 0.679 0.672 0.00 mm

Horizontal Beam Size (total) u. 1.178 1.113 1.130 0.59 mmx
Vertical Beam Size u" 0.0410 0.0527 0.055 0.014 mm

y

Energy Width uE/E
3.33 x 10-4 6.66 x 10-4 1.00 x 10-3 1.20 x 10-3

. Standard configuration 2817896



about 5 MW available to the beams and with the arrangements for controlling

the beam cross-sectional area as described further on, the storage ring should

achieve a peak luminosity of 1032cm -2sec -1 at a beam energy E of 15 GeV,

with a variation of luminosity approximately proportional to E2 below 15 GeV
31 -2 -1

and a luminosity of more than 10 cm sec between 15 and 18 GeV.

The two most influential parameters in determining the ring's performance

are the arc radius and the straight-section length. The arc radius is made as

large as possible to minimize synchrotron radiation power with its attendant en-

ergy losses. Component-free drift spaces 19 m long centered at the interaction

regions are reserved for experimental purposes. The rest of the space in the

straight section is used for injection systems ,RFcavities and various beam

control elements. The straight sections are also designed to be long enough to

accommodate the modifications which will be required for the proton-electron-

positron option described in Appendix A.

It is well to introduce here the nomenclature peculiar to the PER design.

This terminology will be used throughout the report in referring to major divi-

sions of the storage ring and the numbering systems, as well as components and

their 'positions both above and below ground. The nomenclature will be found in

the remainder of this subsection and may be skipped over at this point for un-

interrupted reading and referred to only as needed.

General Nomenclature. The proposed system utilizes the clockwise numbering

system originally proposed, with each region being numbered 1 through 12, as

in a clock. The twelve o'clock position is the northernmost portion of the ring.

The odd-numbered regions are called arcs because they form the bending por-

tions of the ring and the even-numbered regions are called insertions because

they are straight sections inserted between the arcs for the purpose of

- 16 -
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performing experiments. Both arcs and insertions are divided into A and B

halves with the A half located on the counterclockwise side and the B half on the

clockwise side. The division point in the arcs is the symmetry straight section

and in the insertions it is the interaction point. The PEP ring then appears as

is shown in Fig. 3.

Arc Nonlenclature. Each arc is subdivided into 19 cells as is shown in Fig. 4.

The cells are numbered from 0 to 8 towards the symmetry cell in both the A and

B halves. The symmetry cell, Cell 9" then separates the two halves. The ele-

ments within an arc will be designated both by cell location and by type and func-
~

tion. Thus the designator 7A1QF defines first the A half of Arc 7 and then the

focusing quadrupole in the first cell. Similarly, "callouts" have been selected

for other magnetic, vacuum, andRF components and are also given in Fig.. 4.

The magnetic elements are presented above the arc drawing and the vacuum

components are given below it.

Insertion Nomenclature. Unlike the arcs, the insertions are not cellular or

periodic in structure. Further, the equipment between Ql and Q3 is machine-

related, whereas that between Q1 and Ql is experiment-related. Figure 4 also

shows the selected nomenclature for a typical insertion. Once again, the mag-

netic elements are given above the diagram and the vacuum components below

it.

For the magnetic components within an insertion, the callout will contain

the distance from the interaction point to the center of the component as well as

the name of the component. Thus the callout 8A152Q2 refers to the Q2 quadru-

pole in the A half of Insertion 8, which has its center 152 decimeters from the

interaction points.
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Vacuum components are similarly located, except that the distance mea-

surement is made to the flange closest to the interaction point. Thus the callout

8B330IM refers to the instrument module in the B half of Insertion 8 which mea-

sures 330 decimeters from the flange closest to the interaction point to the point

itself. This system has the advantage that, given two adjacent vacuum compo-

nent designators, the length of the vacuum chamber between them can be found

to the nearest decimeter by subtraction.

Injection Line Nomenclature. Those elements of the injection system which are
~

common to both the ring and injection lines will carry the insertion region no-

menclature described above, and, more than likely, another defined by those

concerned with the design of this system. Figure 4 again shows these compo-

nents using ring nomenclature in the B half of Insertion 8.

Surface Nomenclature. In order to differentiate between those elements on the

surface and those in the tunnel, the nomenclature proposed is the same with the

exception that the A, B half designators are changed to C ,D. The C half is

above A and the D half is above B. In general, this will not affect magnet and

vacuum components but will deal. mainly with I&C and Power Supply Groups.

3. Selection- of Lattice Parameters and Design Luminosity

To attain high luminosity intense beams must be made to collide within a

small cross-sectional area. The number of particles which can be collided

within a given area is limited by the incoherent beam-beam interaction. When

beam currents are limited by the beam-beam interaction, the maximum theo-

reticalluminosity, .Q? , is attained when the transverse beam size is mademax .

as large as the vacuum chamber permits. If one operates a storage ring at

different energies with exactly the same disposition of magnets and their fields

- 20 -
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scaled with. energy, the transverse beam dimensions vary directly as energy,

and the maximum (beam-beam-interaction-limited) number of stored particles

varies as E3; thus the luminosity varies as E4 and drops off very rapidly at

lower energies. If, however, by some technique, the beam size is held constant

as the energy is lowered, then the maximum number of stored particles varies

as E and the luminosity as E2. This E2 dependence is quite acceptable; most

reaction cross sections increase at lower energies.

The PEP design provides several different methods for horizontal beam

size control. They include (1) variation of the betatron tune, (2) variation of the

momentum dispersion function at the interaction point, (3) unmatching the mo-

mentum dispersion function so that it does not repeat periodically from cell to

cell but oscillates with amplitudes large compared to its matched value, and

(4) additional radiation excitation of betatron oscillations with the help of the

"wiggler magnet system". Vertical size can be adjusted by means of variable

horizontal-vertical betatron-oscillation coupling. Using combinations of these

techniques, it should be possible to approach closely the design luminosity which

is given by the solid curve in Fig. 8.

Variation of the betatron tune gives a contribution to !Z! which varies ap-max

proximately as v-A3, where v A is that part of the radial tune which comes from
, ' x x

the bending arcs. Momentum dispersion gives a contribution proportional to

17*2/{3*, where 17* and {3*are, respectively, the momentum dispersion functionx x

and the betatron amplitude function at the interaction point. An unmatched dis-

persion function 17gives a luminosity increment proportional tq 17~/{3~,where 171

is a measure of the mismatch in the bending cells. The wiggler magnet system

is described in more detail later in this section. It causes the particles to emit

more higher energy synchrotron radiation photons and, as a consequence, the

- 21 -



betatron oscillation amplitude, and therefore the beam size, is increased.

In order to implement techniques (1), (2), and (3), the values of P'*, {3*, 11* ,x y

and the radial tune v are independently adjustable. 12 In addition, the verticalx

tune v is adjustable in order to maintain stable beam confinement. Symmetry
y

of the ring requires that the slopes of the betatron and dispersion functions van-

ish at the interaction region; i. eo , {3'* =={3'* ==11'* ==O. Thus, eight mathemat-x y

icalconstraints are imposed on the focusing strengths, requiring at least eight

sets of quadrupoles with independently variable strengths. A number of other

important constraints must also be considered. There must be nineteen meters

of drift space kept free for experiments at the interaction regions. The maxi-

mum values of the {3-functions and 1]-function must everywhere be kept within

reasonable bounds in order to minimize aperture requirements and to reduce

chromaticity and other aberrations. Magnetic-field values must be kept within

conservative limits. Furthermore space must be reserved for various compo-

nents such as RFcavities, injection components (septum magnets and kickers),

VaCUUlTIequipment, rotated quadrupoles, sextupoles, beam monitors and control

devices, electrostatic plates for separating the beams, and 9ther miscellaneous

instrumentation. (Many of these components are described in more detail in

other parts of this report. )

From the considerations mentioned above, we have evolved a lattice design

which is basically rather simple. The six bending arcs are composed of con-

ventional separated-function bending cells which provide independent control of

the total betatron tunes v and v by means of the independently controllable fo-x y

cusing and defocusing quadrupoles (QF and QD). Spaces between the quadru-

poles and bending magnets in these cells provide space for the sextupoles,

which are necessary to control chromaticity, beam monitors, vacuum bellows,

- 22-
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and other devices.

Two major changes in the lattice design have been made since the PEP

Proposal4 was written:

1. At the symmetry point, halfway between any two interaction points, a

straight section of 5.66 m has been introduced. It is here that the separa-

tion in time between the passage of two.bunches in either direction is the

longest, making it easier to control each bunch individually. This place is,

therefore ,especially suited for beam control devices, e. go , feedback sys-

tems to control coherent beam oscillations andRFcavities to split the syn-
.f!'!

chrotron freque~cies.

2. The number of FODO cells has been doubled to 96 while the tunes and cir-

cumference of the storage ring have been kept approximately constant. 16

The second change has been accomplished by doubling the number of quadru-

poles while keeping the strength of each about the same. The betatron phase-

shift-per-cell is thus reduced to about 450 at 15 GeV, resulting in a "smoother"

beam envelope. The maximum values for the betatron functions in the cells are

thereby reduced relative to the values at the interaction regions, so that the

beam size in the cells is reduced and with it the required apertures. Another

attractive consequence is the possibility of extending the maximum operating

energy well beyond 15 GeV, as explained in the next paragrapho The details of

the new magnet structure are shown in Fig. 50 The insertion, where few

changes have been made, is shown in Figo 6. . Although doubling the number of

cells did not change the luminosity expectations for energies beloW 15 GeV, the

96-cel1lattice will make it possible, by adding to theRF cavity system, to go to

energies well above 20 GeV with a luminosity which drops off only as !l! ~ E-3.

To achieve this it is necessary to continue the variable-tune capabilities to

- 23 -
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energies above 15 GeV0

As we move up from lower energies, where the storage ring operates in the

aperture-limited regime, theRF limit is reached at 15 GeV. If the tune were

kept cons tant as we went above 15 GeV, the luminosity would scale as

P.'" E-10 / (B . p.), where fJ.is the natural horizontal beam emittance normalized

to 1 GeV and B is the number of bunches per beam" * At the same time, the in-

coherent beam-beam tune shift scales like Av f'JE-7/ (B . p.).. The tune shift

must be held constant to optimize luminosity" Since the normalized beam emit-

tance is controllable by the focusing configuration, it is proposed to keep (B"fJ.)

proportional tQ E-7 for energies above 15 GeV in order to hold Av constant..

This way we shall stay simultaneously at the RFlimit and the beam-beam tune-

shift linlitso that the luminosity scales as g; f'J E-3" This procedure permits

luminosities as plotted in Fig. 7, taking no account of RF.power limitations"

Varying p. as E-7 calls for a fast increase of focusing power with energy

above 15 GeV"Consequently, at some energy, the maximum strength of the

quadrupoles will be reached" If, then, the number of bunches is lowered from

three to one, the quadrupole focusing can be reduced, and it is possible to con-

tinue on the g:N E-3 curve to somewhat higher energies" However, with one

bunch per beam, only two interaction points can be served with luminosity" If

this is not done and three bunches are retained, the luminosity falls off like

-14 -15
9!,...,E to E , since then the quadrupole strength cannot be increased.

The luminosity curves for a maximum quadrupole field of 1T at the pole tip

are shown for three-bunch and one-bunch operations in Fig. 7" Both curves

end at 28 GeV, where the aperture is no longer large enough to contain the

strongly scalloped beam" We assume a quadrupole field that is still of adequate

*The actual emittance at energy E in GeV is € = fJ.E2coX

- 26 -
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quality over the whole beam-stay-clear region at such high pole-tip fields. This

appears to be realistic for the proposed PEP quadrupoles, since magnetic mea-

surements of the first model quadrupole have shown no significant increase of

the multipole content within the beam-stay-clear region up to pole-tip fields of

102 T. For higher energies, superconducting quadrupoles and sextupoles would

be needed 0

The aperture limit referred to above is reached when the phase advance per

cell, and together with that, the maxima of the betatron functions, get too large.

For comparison, the range of phase advance per cell (lfJ=lfJ =lfJ) and betatronx y

functions (f3 = {3= {3 ) between 5 GeV and maximum energy are shown in Tablex y

IV for both the new 96-celllattice and the original 48-celllattice. 4 Ideal FODO

channels are assumed and minor deviations due to matching conditions to the in-

sertions have been neglected. It can be seen that, for the original 48-celllat-

tice or any such 900-per-cell lattice, the focusing cannot be increased very

much before the betatron function gets very large.

The luminosity curves in Fig. 7 take into account only the lattice capabili-

ties and depend on the postulate that at all energies a constant rf power of 2.5

MW is available to each beam if needed. (Less is required below 15 GeV.) RF

cavity losses, which rise rapidly with beam energy, are not taken into account.

The actual luminosity at high energies, on the other hand, is severely restricted

by these losses. In Figo 8 the design luminosity with the proposed 38-m alumi-

num cavity structure is shown as a solid lineo Taking account of the cavity

losses plus the estimated higher-order-mode losses, the maximum energy in

PEP is limited to 18 GeV at a luminosity of 1.5 x 1031cm -2sec -1. Typical

beam paralneters for the variable-tune mode of operation in the energy region

between 5 and 18 GeV are shown in Table III. Enough space has been allowed in

- 28 -
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TABLE IV

Comparison of Phase Advance per Cell ($) and Maximum

Betatron Function (B ) in the 96-cell and 48-cell Configurationmax

Energy (GeV) 5 15 18 21 25 30

B = number of bunches per beam

- 29 -

96-cell Configuration:

$ (°) (B = 3) 20.6 45.0 67.5 87.2 138.3 166.5

(B = 1) - - - 60.0 100.6 144.5

(B = 3) 48.1 28.6 24.2 24.3 41.7 173.0

Bmax (m)
(B = 1) 24.8 25.8 48.2- - -

48-cell Configuration

(°)
(B = 3) 41.8 90.0 130.8 160.9

$
(B = 1) - - 95.6 131.4

(B = 3) 58.6 48.5 72.3 174.0

Bmax (m)
(B = 1) 50.4 73.9- -
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the PEP design to increase the total cavity length at a later time to 76 m or

even 153 m, so that the maximum PEP energy could be increased to 20 or 22

GeV, respectively, at a luminosity of 1031cm -2sec -1.. Superconducting cavi-

ties would be needed to avoid excessive cavity losses at still higher energies.

The short 5.66 m straight sections at the middle of the arcs impose new

matching requirements. The quadrupoles designated 8QD and 9QF (Fig. 5) are

adjusted to match the [3 and [3 functions to accomplish this. The dispersionx y

function is then only slightly mismatched, and there seems to be insufficient

reason for varying an additional quadrupole to obtain an exact match..

4. Control of Beam Size and Polarization Time with the Beam Wiggler17

Of the methods of beam size control enumerated in the preceding section

(Section II. A. 3), the first three impose severe penalties in filling rate at low

energies, because they all result in momentum acceptances which decrease

with decreasing energy.. This would lead to rather long injection times below

10 GeV, since the damping times vary as E-3. In order to avoid this difficulty,

a system has been devised to control the beam size without changing the lattice

configuration, the tune, or the momentum acceptance. In this scheme high-

field wiggler magnets are used to increase the quantum excitation of the beam

and concomitantly the damping rates with only a trivial effect on the focusing..

As the strength of the wigglers is increased the excitation increases faster than

the damping and the natural beam siz~ increases. .

The horizontal beam emittance is determined by equilibrium between the

quantum excitation of betatron oscillations and the damping, both due to syn-. .

chrotron radiation. The emittance can be written

- 31 -
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where C = ~5" J!.- = 3084 . 10-13m, J is the damping partition numberq 3u.J3 me x

(in PEP, J = 1. 0), 'Ythe beam energy in units of the rest energy, p is the localx

bending radius and.K is a characteristic (optical) function of the lattice config-

urationo deand p are functions of the azimuthal variable,s, and the integration
,~

is carried around the circumference of the central orbito The variable-tune

mode of operation controls the beam emittance by adjusting the characteristic

function.Yt'o By contrast the wiggler modulates the local curvature 1/ p in a few

places around the ring, keeping de approximately constant. Since the local cur-

vature appears with different exponents in the numerator and denominator of the

emittance equation, varying the strength of the wiggler varies the horizontal

emittance 0

The wiggler unit proposed for PEP is shown in Fig. 9 and consists of three

rectangular flat-field bending magnets closely adjacent to one another. The two

outboard magnets are powered with half the strength of the central magnet, so

the net displacement and deflection of the orbit is null. The magnets are placed

close together to minimize their optical effects. Three such triplets, located in

three of the six symmetry straight sections (Fig. 5), are needed to obtain the

desired variation of beam size at all energies below 15 GeV.
The physical effect of increasing the strength of the wiggler system is to

increase the mean energy of the synchrotron radiation photons. This in turn

enhances the perturbing effect of the emission of a photon on ~he betatron oscil-

lation of the emitting particle. Since the photon emission is random~ the
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increase of the beam size is completely incoherent. The amount of the blowup

of the beam can be smoothly adjusted by adjusting the strength of the wiggler

system. Calculations show that the effects on beam dynamics (tune, betatron,

and dispersion function) are negligible. The wiggler therefore appears to be an

ideal means to control the beam size to maximize the luminosity. Only the hor-

izontal beam emittance is 'directly affected by the wigglers. The vertical beam

emittance and hence the vertical beam size will be increased by coupling the

horizontal and vertic al betatron motions by means of coupling elements such as

rotated quadrupoles.

The beam wiggler can also be used to maximize the average lunlinosity on a

minute-by-minute basis in operation as the stored beam decays. In a constant

configuration, the luminosity decays as the square of the beam current. With

the beam wiggler, the beam size can be adjusted continuously to stay at the

beam-beam limit with the consequence that the luminosity decays only linearly

with the beam current.

No increase in the installed RFpower is necessary to make up the losses due

to the additional synchrotron radiation caused by the wiggler. It is turned off at

energies of 15 GeV and above. Below 15 GeV, where it is turned on, the RF de-

mand decreases rapidly with energy and is always less than the total installed RF

power. The local synchrotron radiation power produced by the wiggler, how-

ever, is larger than that produced anywhere else and requires some special ab-

sorbers in the vacuum system.

As ;mentioned near the beginning of this subsection, the wigglers increase

the radiation damping rates. This effect is an additional benefit. Not only do

the wigglers permit us to maintain constant momentum acceptance with de-

creasing energy, but they also gentle the increase in damping time so that
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injection can occur at higher pulse rates. . At 5 GeV, for example, the damping

times are reduced by about a factor of 2.5, resulting in a much shorter filling

time than could be achieved without the beam wiggler. Alternatively, since the

tune remains constant with varying energy, we could inject always at 15 GeV

and then ramp the energy to the desired operating value.

Another happy feature of the PE P wiggler system is its capacity to reduce

the beam polarization time. The contribution to the rate of polarization buildup

due to a single magnet of field B is proportional to (B3E5{) where { is the central

orbit length in the magnet.18If the field is in the same direction as that of the ~

main bending magnets, the magnet in question increases the rate of polariza-

tion buildup and vice versa. For example a wiggler in which the sum o~ (B3{)fS,

with the sign of B taken into account, was equal to zero would have no net effect

on the polarization rate.

In the PEP wiggler unit design, on the other hand, the lengths. of the three

magnets are the same and the central magnet has a field twice that of the out-

board magnets and lying in the same direction as the main bending field of the

storage ring. The central magnet contributes positively to the polarization

rate. The outboard magnets have fields in the opposite direction and they each

cancel on,e-e.ighth of the polarizing effect of the central magnet. The result is

that the whole wiggler unit contributes to the rate of polarization by three-

fourths of the effect of the central magnet alone.

Figure 10refers to the c,ase in which the wiggler system is operated so as to

maintain constant beam size below 15 GeV as discussed above. The variation

of the field strength B of the central wiggler magnet, the incremental synchro-c

tron-radiation power APRF per wiggler per beam, the synchrotron-oscillation

damping time T and the polarization time T I are plotted against beam energy.€ po
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The wiggler system could also be used primarily to shorten the polarization

time 0 Without the wigglers, the polarization time varies as E-5 and, as the

beam energy is lowered, it quickly exceeds the beam lifetime, thus precluding

the experimental use of polarized colliding beams. If the wiggler system

strength is increased very rapidly with decreasing beam energy, the polariza-

tion time can be held constant at 20 minutes down to an energy of 12. 7 GeV, at

which point the maximum field strength of the wiggler (2T) is reached. From

here on down, the polarization time increases, however, more like E-3 than

E-50 Graphs of B , AP RF ' T , and T 1 for this mode of operation are shown
c . € po

in Figo 11. To extend this technique to lower energies would require supercon-

.i

ducting wiggler magnets.

If the wiggler magnets are turned on as strongly as just described, the

blowup of the beam is larger than can be tolerated by the beam-stay-clear.

Therefore, the size of the beam will have to be reduced by increasing the tune

of the storage ring so that, in order to get the prescribed reduction in polariza-

tion time, a combination of the wiggler system and a variable-tune mode of op-

eration must be usedo

50 Apertures

The "beam-stay-clear" , or minimum unobstructed lateral region all around

the design orbit, has been defined by the formulae:

a . = 20 a t t . + 20 mm
Xl X 0 I

a . = 20 a . + 10 mm ,
Yl Yl

where a " and a " are the horizontal and vertical aperture diameters, respec-
Xl YI

tively, at a particular location i on the circumferenceo ax tot is the horizont:;tl

rms beam width defined by a: t t . =
[
a:2

{3' + TJ~«(J IE O)2
]
!, where <I

{3
" is the

XOI XII € Xl
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rms horizontal betatron oscillation amplitude, 1]. the dispersion function, and (J"1 €

the rms energy spread in the beam. a. is the rms vertical betatron oscillationYl

amplitude in the case of full coupling between horizontal and vertical betatron

oscillations. SPEAR experience indicates that this large vertical bemn-stay-

clear would be necessary to avoid beam losses during changes of energy and

beam-dynamics parameters. The additional 20 or 10 mm is a margin for orbit

distortions and misalignments. The actual bore clearance of the magnets must

also include an additional allowance for vacuum chamber walls, installation tol-

erances and a possible bake-out mantle. Figure 12 shows the beam-stay-clear .~

regions in PEP, considering the above requirements.

6. Transverse Beam Instabilities

The design of this storage ring assumes that the maximum luminosity ob-

tainable is de tern lined by the beam-beam incoherent limit and that it is possible

to store beams of sufficient intensity to reach this limit. The various transverse

instabilities that can occur with large bunched beams and which might jeopar-

dize the storage of such beams are generally thought to be of three types: those

that are determined by the average circulating current, those that are present

because there are multiple bunches in the ring, and those that depend upon the

peak current in a single bunch.

The present PEP design is rather conservative in requiring an average

single-beam current of 92 mA in three bunches. Many electron storage rings

have stored such currents at much lower energies where the transverse insta-

bilities are generally far more troublesome. While multiple-bunch transverse

instabilities have been predicted, they have not been a problem for rings with

only a few widely spaced bunches and have been troublesome only for the stor-

age rings with many bunches, such as CEA and DORIS. In SPEAR it has been
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possible to store total currents of 100 mA in several bunches of a single beam

without any indication of transverse multibunch instability" Also, because the

bunch spacing in PEP is so large and the revolution frequency is fixed, it is en-

tirely feasible to build a feedback system to damp each bunch individually.. The

only multiple-bunch motion that has been observed in SPEAR is the coherent

motion between two colliding beams and it has not been of major concern"

The head-tail instability has been the most important single-beam trans-

verse instability observed in electron storage rings and it can be controlled by

the appropriate choice of the chromaticity. In tpe PEP design it will be pos-

sible to vary the value of the chromaticity, without producing destructive non-

linear resonances, by means of the sextupole fields which are distributed

throughout the lattice. Considering the fact that transverse instabilities usually

scale inversely with energy the PEP design may be considered conservative in-

asmuch as it is presently possible to store single-bunch currents in SPEAR at

1..5 GeV that exceed those necessary to reach the maximum luminosity in PEP

at 15 GeV as determined from the beam-beam limit.

7. Correction of Chromaticities
p

The machine chromaticities, defined as ~ =Av A~' where Av is the change
in either 'radial or vertical tune~ measure the changes in the tunes with momen-

turn. They are measures of the chromatic perturbations of beam dynamics due

to the energy deviations of particles in the beam.. These perturbations occur

even in a perfectly linear machine. The uncorrected chromaticities in PEP are

very large (~ ~ -34 and ~ ~ -100) and must be corrected by the use of sextu-x y

poles which are fairly strong and represent a major nonlinear perturbation of

the linear beam dynamics. To avoid nonlinear structural resonances due to the

sextupoles, it is necessary to go beyond merely compensating for the.
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chromaticities. The azimuthal distribution and relative strengths of the sextu-

poles are also crucial to the stability of the beam.

A particle tracking program has been developed to simulate the trajectories

of particles around PEP under ,the influence of the nonlinear sextupole fields.

This comput~r simulation, together with theoretical studies on the. beam-per-

turbing effects ofsextupoles in storage rings, resulted in a satisffictory sextu~

pole distribution for the standard beam dynamicsconfiguratlon.. (Table In) in

PEP. Twenty-eight out of the possible 36 sextupole locations in each arc are

used for thissextupole distribution. These 28 have to be grouped into seven dif-

ferent circuits to ,meet the requirements for stable particle trajectories. Par-

ticle trajectories with all possible amplitudes for betatron and synchrotron os-

cillations within the acceptance of PE P have been simulated and found to be

stable.

Further studies are necessary, however, to develop an algorithm which

would define a procedure to find the best sextupole distribution for lattice con-

figurations differing from the standard one.

8. Beam Lifetime and Average Luminosity

The lifetime of two stable colliding beams in PEP is determined mainly by

bremsstrahlung energy loss occurring in beam-beam interaction and in the in-

teractionof the beam with the residual gas. This is discussed in detail in Sec-

tion IL G. The luminosity decreases as the beam decays; therefore the average

luminosity isJower than the maximum shown in Fig. 8. Assuming a time span

of one-half hour for storing both beams, adjusting the storage ring to the colli-

sion configuration, and preparing the experimental counters to start again, the

average luminosity is shown in Fig. 13 versus the time between two fillings.

The dashed curve is valid if additional pumps at the focusing quadrupoles (QF)
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are installed at a later time. Figure 13 is conservative in representing a pes-

simistic view of the average luminosity, since it assumes that the luminosity

decays like the product of the beam currents. In SPEAR, however, it has been

observed that the luminosity decays somewhat more slowly.

90 Reduction of Synchrotron Radiation in the Interaction Region

The synchrotron radiation generated by the last main bending magnet and

emitted into the long interaction straight sections can be a source of high back-

ground rates in the experimental detectors. To reduce this background in PE P,

the last two bends are very low field magnets with a bending radius of 2500 m as
$

compared to 165 m in the main bending magnet (Fig. 5).

Although the critical energy €c of the synchrotron radiation from the main

bending magnet at 15 GeV is only 4503 keV, the spectral density of these photons

is high. Consequently, the number of photons with energies ten or twenty times

the critical energy is still very large. In Fig. 14 the number per second of

photons per unit photon energy into a cone of 1 mrad is plotted for both the main

bending magnet and the low-field bending magnets.

The low -field magnet arrangement is shown in Fig. 15. The deflection

angle of these magnets was designed so that all the synchrotron radiation from

the last magnet (between quadrupoles Q3 and lQF) passes through the whole in-

teraction region without hitting the vacuum chamber.

The second low-field bending magnet is used to lower the energy of the ra-

diation striking the absorber at Ql and to prevent the high-energy synchrotron

radiation from the main bending fields from entering the long straight section.

This radiation is absorbed by the thick mask at quadrupole Q3, which absorbs

not only the synchrotron radiation from the main bending magnet but also those

high-energy particles which have been lost from the beam but still form a halo
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around ito The mask is 20 radiation lengths thick and surrounds the beam. The

synchrotron radiation mask at Ql is a thin (005cm) scraper on the outer side of

the beam where the synchrotron light occurs. Since it is movable it can be ad-

justed to the minimum of the synchrotron radiation power between the two radi-

ation cones from the two low-field magnets in order to reduce scattering from

the edge of the scrapero

SPEAR experience indicates this should reduce the synchrotron-radiation

background sufficiently 0 The remaining background from synchrotron radiation

due to edge-scattering on scrapers or multiple scattering along the vacuum

. pipe, etc. , should be small enough to be handled by the detectorso
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B. The Magnet System

1. Introduction

The function of the magnet system in the PEP storage ring is to provide the

guide field that bends the electrons and positrons in their circular paths and also

to focus these particles so that they remain within the machine throughout their

many orbits. The system selected for PEP is a separated-function system,

meaning that the bending and focusing is accomplished by different magnets.

Dipoles provide the bending field while quadrupoles provide the focusing field.

A number of correction magnets, such as sextupoles, rotated quadrupoles, wig-

gler magnets, and low-field bending magnets, are interspersed among the main

ring bending and quadrupole magnets , performing beam correction functions as

needed.

The design of the different types of magnets in the magnet systenl is opti-

mized by minimizing the installed capital cost plus ten years' operating cost at

15 GeV. In this way prudent attention is paid to reducing power consumption.

Laminated magnets were selected for the main-ring elements both to reduce

capital costs and to insure uniformity magnet to magnet by shuffling as ex-

plained later in. this section.

The main bending system consists of 192 C-type uniform-field magnets,

each approximately 5! m long. Each steel core contains nearly 3,500 1!-mm-

thick laminations having outside dimensions of about! m. These laminations

are sandwiched between two thick end plates and are held in place by welding

straps to both the end plates and the individual laminations. The completed core

weighs 9.5 tons. The coils located above and below the beam aperture are of

water-cooled aluminum having a conductor cross section of 9 x 65 mm2.
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Thene are 240 quadrupoles in the ring. Two styles of quadrupoles having

two different apertures will be used: the 216 main-ring quadrupoles have the

smaller bore; the 24 insertion-region quadrupoles have the larger boreo. The

640 -mm long main-ring quadrupoles are of four-piece construction. Each piece

contains 430 l!-mm thick laminations (nearly 1700 per magnet) sandwiched be-

tween thick end plates and held together by welding an angle to both the end

plates and the laminations. Four core blocks are fitted with water-cooled alu-

minum coils and bolted together to form one two-ton quadrupole. Two,types of

insertion region quadrupoles, one of 2 and one of i.5 m length, are requiredo

These magnets are of two-piece construction, each piece containing two poles.

Again, l!-mm thick laminations are sandwiched between thick end plates and

held in place by welding straps to both the laminations and end plateso Half-

cores are then fitted with water-cooled aluminum coils and bolted together to

form the completed quadrupoleo The different lengths are produced by varying

the number of laminations stacked for. different quadrupoleso

The sextupoles, low-field bending magnets, wiggler magnets, and rotated

quadrupoles, unlike the main ring elements, are of solid-coredesign. All have

aluminum coils.

2. Dipole Design and Models.

C-magnets were selected for use as the main-ring (flat-field) bending mag-

nets because they afford easy access to the vacuum chamber for infjeld repair

and also because they allow construction and installation of the magnet system

independent of the vacuum system. H-magnets would result in smaller magnet

cores and consequently a lower capital cost; however, the easy accessibility to

the vacuum chamber and the independent construction schedules offered by the

C-magnets more than outweigh the slight reduction in capital costs.
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The vertical aperture was determined by adding space for the vacuum

chamber and clearance to the pole tip to the vertical beam-stay-clear region

described in Section 110A05.. For reasons of economy, the apertures of all

bending magnets are the same.. The horizontal aperture, or good-field region,

was determined by adding 20 mm to the maximum beam width to allow for orbit

distortions, misalignments, and the sagitta of the curved beam orbit over the

total length of the straight magneto Once the vertical aperture and the horizon-

tal good:...field region were determined, the pole width required to produce this

field was defined for the dipoles as that region in which ~B/B ~ 00 001.

The coil-slot area is determined by the optimum current density which for

PEP is close to lA/rnm2.. Since the packaged coils must pass through the tnag-

net gap, themaximuniheight of the individual coil packages is determined by the

gap.. Further, analysis has shown that a magnet having single wide coil pack-

ages above and below is less expensive "to fabricate than one with two or more

narrow packages..

The dimensions of the vertical return yoke were determined from structural

limitations.. Back-leg thicknesses of "greater than 100 mm are required so that

gap deflections at 18 GeV operation are less than O.025 mm.. The widths of the

horizontal yokes were made equal to that of the vertical yoke.. The . resulting

magnet cross section is shown in Fig.. 16.. Table V presents the important de-

sign information..

A computer model of the above design was run using the POISSON program

of LBL.. "Comparative. ealculations were made for the cross section shown and

another cross section with a narrower pole having shims. The narrower,

shimmed pole resulted in a slightly increased operating cost since its gap had to

be larger than that of the flat pole to accommodate the insertion of the v.acuum
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TABLE V

PEP Main Ring Bend Parameters

Magnet Designation

Number of.t-1agnets..

Field @18 GeV

fBd! @18 GeV

, Pole Width

Gap Height

Core Length

Magnetic Length

Width of UsefUl Field (0.1%)

Lamination Height
Lamination Width

Packing Factor (min)

Core Weight

AmpTurns per Pole @18 GeV

Turns per Pole

Pancakes per Pole
Conductor CrosS Section

Cool ing Hole Diameter

Conductor Cross-Sectional Area

Current @ 18 GeV

Inductance

Resistance @400C

Power @18 GeV

Voltage Drop @ 18 GeV

Stored Energy @18 GeV

Coil Weight

Number of Water Circuits

Water Flow Rate

Water Pressure Drop

Temperature Rise

70C5400

192

0.3625 T

1.957 T-m

0.21 m

70 mm

5.33 m

5.40 m

100 mm

0.496 m

0.53 m

96 %

8580 kg
10409 A-turns

16

1
265 x 9 mm

2 @ 5 mm

546 mm2
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650.6 A

19.6 mH

17.9 mn

7.58 kW

11.6 V

4.15 kJ

242 kg
2

-5 3
9.45 x 10 m /sec
1.38 MPa

1.9 °c
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tank between the bumps. This increased operating cost was offset by a reduced

capital cost. No final choice has been made ; however , the flat-pole version is

favored for its support system for the vacuum tank.

A full-size mechanical model of a 60-mm gap, flat~pole main ring bending

magnet has been constructed, as shown in Fig. 17. Mechanical and. .electrical

tests are currently in progress and preliminary results indicate good agreement

with theory.

After the model was constructed, the gap h~ight specification was increased

from 60 to 70 mm in order to accommodate full coupling between the vertical ,~

and horizontal betatron oscillations' in the beam. Also the number"'of turns in

the half-coil was increased from 12 to 31 to decrease the size of the current bus

in the ring. A further improve1D;entwas the winding in of an addHional half-turn

so that the magnet can act as part of its own bus. Another model, incorporating

the above changes as well as improvements in fabrication ,techniques , is pres-

ently being constructed.

3. Quadrupole Design and Models

The best quadrupole field Is produced by a magnet having four. hyperbolic

poles symmetrically arranged about it circular aperture. Four coils" one for

each pole, are used to energize the magnet. In the separated~ft1nction design,

the focusing is done<primarily by the quadrupoles. T~ achieve different tunes,

quadrupole (focusing) strengths must be controlled independently, .,.,'and thus pow-

ered independently, of the bending magnets.

The bore, or aperture, of the quadrupoles was determined by the height of

the bending magnet vacUUmtank for the main ring quadrupoles and by the beam-

stay-clear for the insertion-region quadrupoles. The vacuum tank-in the arc

sections of the ring is common to two bending magnets and two quadrupoles.
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The bore of the 216 main-ring quadrupoles was determined by minimizing the

circular aperture to allow adequate clearance for the vacuum chamber. A 120--

mm bore was found to be sufficient. A further reduction in quadrupole bore,

and consequently a reduced capital and operating cost for the magnets, could be

made if the vacuum chamber at the quadrupoles could be "upset", or made to

conform more closely to the quadrupole pole shape. Attempts to effect this con-

figuration have resulted in a loss of vacuum integrity. Further study continues;

however, the present design is based on the 120-mm bore.

The bore of the insertion-region quadrupole was determined by the beam-

stay--clear requirements in the area of Q2. Using the beam-stay-clear numbers

shown in Fig. 12 and providing adequate clearance resulted in a bore of 160 mm.

Twenty-four such quadrupoles are required, twelve 2 m long and twelve 1.5 m

long.

The field of any magnet can be described as the superposition of the fields

of many pure multipole magnets, each having different strengths and numbers of

poles. A pure quadrupole would be one in which the field is 100% four-pole.

One measure of the field quality of a magnet is the list of ratios of the other

multipole strengths present to the strength of the desired muItipole. This list

is called the multipole content, and is usually expressed in terms of percentages

of the fundamental multipole strength. For the main-ring quadrupole, the de-

sign multipole content criterion was that all multipoles were to be less than 0..1%.

SPEAR experience has shown that insertion-region quadrupoles must have all

multipole contents less than O.01%.

The original main-ring quadrupole design was a scaled-down version of the

highly successful SPEAR quadrupole with an increased coil slot to reduce the;

energy consumptiono Four laminated coil blocks were fitted with four 12-turn
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water-cooled aluminum coils having a current density of 1.. 74 A/mm2 at 15 GeV

operation. Figure 18 shows the cross section and Table VI gives the magnet.'s

design parameters.

Computer models of this magnet were analyzed using the POISSON program.

At ..low field .strengths, the iron in the yoke has essentially infinite permeability

and the hyperbolic portion of the pole determines the desired linear dependence

of the field. The termination of the hyperbolic poles at the coil slots causes the

field to deviate from the optimum linear dependence, but proper shaping of the

pole in this area and proper positioning of the coils can compensate for this ef-
.~

fectoPOISSON was used to determine the required pole shaping.

A, full-sized, 127-mm bore model of this magnet was constructed, as shown

in Fig. 19. The iron core was found to be within 0.1 mm of the ideal dimen-

sionso After coils were fitted, magnetic measurements were made which indi-

cated that the model more than met the design specification of having all multi-

poles less than 0.1%. The results of the magnetic measurements are given in

Fig. 20. Although the results shown are for a modest excitation, no significant

'degradation of field quality was observed up to pole-tip fields in excess of

1.25 T, the power supply limit.

The dependence of betatron frequency upon the particle energy, E = EO + €,

and betatron amplitude, x[3' were calculated for the case where the magnetic

multipole field of the model quadrupole was present in all the main-ring quad-

rupoles. The results are summarized in Fig. 21, where lines of constant tune

are plotted in the (E,X[3>space. This quadrupole design is acceptable, and care

will be taken to insure that thesextupole and octupole terms of the final mag-

nets do not exceed those of the model.
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TABLE VI

PEPStandard Quadrupole Parameters (18 GeV)

(Low Impedance Design)

Magnet Designation

Nominal Peak Gradient

Gradient

12OQ640

20 T/m

12061 T/m

00757 T

8.07 T

60 mm

3404 mm

Pole Tip Field

Gradient Length Product

Inscribed Radius

Minimum Gap

Core Length

Magnetic Length

Width of Useful Field

Laminate Height

Laminate Width

Packing Fac tor (min)

Core Weight

Amp Turns per Pole

Turns per Pole

Pancakes per Pole

Conductor Cross Section

.tW

Cooling Hole(s) Diameter
Conductor Cross-sectional Area

Current

1
2

9 x 72 mm

2@5mm
2

609 mm

1505 A
2

2.47 A/mm

50 14 mH

4.47 mO

10. 1 kW

6. 73 V

5.82 kJ

150 kg

. ' Current Density

Inductance
.0

Resis tance @40 C

Power

Vol tage Drop

Stored Energy

Aluminum Weight

Number of Water Circuits

Temperature Rise

Water Flow Rate

1

35. 4 0C
-5 3

6..85 x 10 m /sec

I. 034 MPaWater Pressure Drop
- 58 -

00580m

O.64 m

120 mm

365 mm

402 mm

96%

1700 kg

18062 A-turns
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Two other quadrupole models utilizing the same strap-coil configurations

were built.. The second was a two-piece core design with an asymmetric pole

configuration.. The two-part core was selected for economy in punching and

core assembly, and the asymmetric poles were necessary to introduce the wide

coil packages into the coil slots.. Magnetic and mechanical measurements are

currently in progress on these models..

. The third model is exactly the same as the first except that the angle hold-

ing the lamination,s and end plates to form a core block is inverted.. The assem-

bled magnet resembles a cross, giving the model the name "iron cross".. Great

difficulties encountered in fabricating straight core blocks have caused this de-

sign to be dropped..

To reduce busing costs in the ring, efforts were made to reduce the current

of the ring magnets.. The number of turns in the bending-magnet coils was dou-

bled, but it was found that increasing the number of turns while retaining the

strap-wound coil configuration in the quadrupole was impracticalo Thus a

fourth design, the high-impedance quadrupole, evolved.. This design differs

from the original in that it contains nearly five times the number of turns, re-

suiting in a fivefold reduction in current and a corresponding increase in volt-

age.. Figure 22 and Table VII present the main features of this design.. Power

supplies distributed around the ring would maintain the voltage-to-ground of any

one magnet string below 600 V, and the reduced current requirement results in

a smaller bus size and hence in lower bus costs. The increase in cost of the

coil due to a larger number of turns is offset by the savings in bus cost.. This

model is presently being fabricated for evaluation..

The insertion-region quadrupole is of two-piece core construction with

symmetric hyperbolic optimized poles.. The pole profiles were designed and
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T ABLE VII

PEP Standard Quadrupole Parameters (18 GeV)
(High-impedance Design)

Magnet Designation 120Q750 120QI000 120Q380
Used for QF, QD, 2QF, 3QF, Q3, 1QF 9QF8QF, 8QD, 1QD

Number of Magnets 180 24 12

Nominal Peak Gradient Tim 20 20 20

Operating Gradient Tim 10.76 10.76 10.76

Pole Tip Field @Operating Gradient T 0.646 0.646 0.646

Gradient Length Product T 8.07 10.76 4.09

Inscribed Radius mm 60 60 60

MinimumGap mm 34.4 34.4 34.4

Core Length m 0.690 0.940 0.32

Magnetic Length m 0.750 1.00 0.38

Width of Useful Field mm 120 120 120

Lamination Height mm 340 340 340

Lamination Width mm 378 378 378

Packing Factor (min) % 96 96 96

Core Weight kg 1700 2316 788

AmpTurns per Pole A-turns 15412 15412 15412

Turns per Pole 57 57 57

Pancakes per Pole 1 1 1
Conductor Cross Section 2

12.7 sq. 12. 7 sq.. 12.7 sq.mm

Cooling Hole Diameter mm 6.3 6.3 6.3

Conductor Cross-Sectional Area 2 121.3 121.3 121.3mm

Current A 270.4 270.4 270.4

Current Density A/mm
2 2.23 2.23 2.23

Inductance mH 56.4 75.2 28.6

Resistance @40°C mQ 112 140 68.4

Power @18 GeV kW 8.17 10.2 5.0

Voltage Drop @18 GeV V 30.2 37.9 18.5

Stored Energy kJ 2.06 2.74 1.04

Aluminum Weight kg 150 187.5 91.6
Number of Water Circuits 2 4 2

Temperature Rise °c 24.6 10.2 11.4

Water Flow Rate 10-5m3/sec 7.95 18.4 10.5

Water Pressure Drop MPa 1.034 1.034 1.034
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optimized using the computer program POISSON. To reduce core costs and im-

prove high-field performance, the pole widths were minimized while maintain-

ing the proper good-field region. The core blocks are constructed of I!-mm

thick laminations sandwiched between 50-mm end plates and welded in a manner

similar to the bending magnets 0 The vertical return yokes are narrower than

the horizontal yokes to minimize the horizontal angle s ubtended by the magnet

from the interaction pointo Figure 23 shows a cross section of the proposed de-

sign and Table VnI gives the design parameters. Three separate aluminum

coil packages surround each of the four poles. Two of these packages comprise

the main winding and are tied electrically in series with the main ring bending

magnet circuit. The third package is a trim winding which enables the individ-

ual quadrupoles to be set at their proper operating pointo

A model of the insertion-region quadrupole has been built, a photograph of

which is shown in Figo 240 Preliminary mechanical and magnetic measure-

ments have been made which indicate some problems with core assembly. Work

is currently under way to rectify these problems.

4. Correction Magnets

Sextupoles. Sextupoles are required to compensate the momentum depen-

dence of betatron oscillation frequency 0 Space has been allocated for 192 such

magnets, one adjacent to each of the main-ring quadrupoles. The criterion for

determining the 140-mm aperture was that the magnet must be capable of pass-

ing the bending magnet vacuum chamber 0 Experience at SPEAR has shown that

cast-core sextupoles produce sextupole fields of sufficient quality, so this con-

struction will also be used for PEP. The SPEAR sextupoles may be regarded

as modelso Figure 25 presents the preliminary design and Table IX gives the

design parameters. Unlike the other magnetic elements, the coils for these
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TABLEvm

PEP Insertion Region Quadrupole Parameters

Values in parentheses are for auxiliary windings.
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Magnet Designation 160Q2000 (Q1) 160Q1500 (Q2)

Number of Quadrupoles 12 12

Rated Gradient T/m 6.6 (:to.4) 6.6 (:to.4)

Rated Pole-tip Field @18 GeV T 0.53 (:to.03) 0.53 (:to.03)

Inscribed Aperture Radius mm 80 80

MinimumGap Between Poles mm 53 53

Core Length m 1.95 1.45

Magnetic Length m 2.0 1.5

Useful Field Width (B/B 10-4) mm 168 168

Turns per Pole 26 (16) 26 (16)
Rated Current A 660 (:t65) 660 (:t65)
Current @15 GeV A 542 (...16) 542 (+9)
Current @18 GeV A 651 (-5) 651 (+22)

Coil Sections per Pole 2 (1) 2 (1)
Conductor Cross Section mm2 23 x 20 (6.5 x 6.5) 23 x 20 (6.5 x 6.5)

Cooling Hole Diameter mm 6.5 (3.5) 6.5 (3.5)
Conductor Area 2

426 (32) 426 (32)mm

Rated Current Density @18 GeV
2

1.54 (2.0) 1.54 (2.0)A/mm
Resistance @400C m 36.5 (260) 29.1 (200)
Rated Voltage (max.) V 24.1 (16.9) 19.2 (13.0)
Rated Power (max.) kW 15.9 (1.1) 12.7 (0.9)
Stored Energy @18 GeV kJ 9 (rvO) 7 (rvO)
Inductance @18 GeV mH 42 (16) 32 (12)
Core Weight kg 9000 6700
Aluminum Coil Weight kg 594 474
Number of Water Circuits 4 (2) 4 (2)
Water Temperature Rise °c 20 20
Water Flow Rate m3/sec - -4 0-41.90 x 10 5 1.52 x 1 5(1.3 x 10- ) (1.0 x 10- )
Water Pressure Drop 1Pa 0.82 (0.60) 0.46 (0.30)



Figo 24--Photograph of prototype insertion region quadrupoleo
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'TABLE IX

PEP Standard Sextupole Parameters

Magnet Designation

Number of Sextupoles

Peak Design Gradient

Design Gradient at Pole

Pole Tjp Field @Design
Inscribed Radius

Core Length

Magnetic Length

. Weight of Iron
. AmpTurns per Pole

Turns per Pole

Design Current

Conductor Size (square copper)
Conductor Area

Current Density
Resistance @400C

Power

Number of Water Circuits

Temperature Rise
Water Flow Rate

Water Pressure Drop

Tip

Gradient

- 70-
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140S250

162

15.0 T/m

7.91 T/m

0.277 T

70 mm

0.20 m

0.25 m

205 kg

5655 A-turns

49

115 A

5.8 x 5.8
2

mm

24.7
2

mm

4.7 A/mm
2

91.6 mQ

1.22 kW

2

9 °c
-5 3

1.6 x 10 . m /sec
1.03 MPa
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magnets will be made of water-cooled copper. The conductor size is small

enough to insure single-length conductors in each coil package, keeping labor

costs for fabrication comparable to coils made of aluminum.

Wiggler Magnets. The wiggler magnets, used for control of beam size and

beam polarization time, will be of solid-core construction. Their apertures are

determined by the beam-stay-clear in the symmetry straight sections in the

arcs. The vertical apertures are 50 mm. The horizontal aperture was found by

adding the 75-mm beam offset at peak bending power to the good-field region of

70 mm and using the computer to calculate the pole-width required to produce

this field. The coil slots were determined by the space available between mag-

nets, the height of the slot being close to half the space available. The width of

the slot was found by reducing the power consumption to an acceptable level.

Three identical magnets are required for each wiggler unit. Two of the

magnets operate at half the field of the third magnet in the center. All three are

connected electrically to produce a net bend of zero. Fields in the central mag-

net are as high as 2T 0 Computer optimization of this design is in progress.

The preliminary design cross section is gi~en in Fig. 26 and the design data in

Table X. Models are planned upon completion of the computer study.

LQW-field Bending Magnets. Two low-field bending magnets located in the

cells closest to the insertions and having bend angles of 0.8 milliradians are

planned to reduce the backgrounds in the interaction areas. The apertures of

these magnets are similar to those of the main-ring bending magnets except that

the fields required are an order of magnitude less. Table XI gives the design

data. Air-cooled copper conductors are foreseen for .these magnets.

Other Correcting Elements. Horizontal and vertical steering will be ac-

complished through the use of trim windings on the sextupoles and bending
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T ABLE X

PEP Wiggler Magnet

Magnet Designation

Number of Magnets
Peak Field

fBdt @ 2T

Gap Height

Pole Width

Core Length

Magnetic Length

Width of Useful Field (~B/B < 0.1%)

Magnet Height

Magnet Width

Core Weight

AmpTurns per Pole @2T

Turns per Pole

Pancakes per Pole

Conductor Cross Section (sq. aluminum)

Cooling Hole Diameter
Conductor Cross-Sectional Area

Current @2T

Inductance

Resistance @400C

Power @2T

Voltage 'Drop

Stored Energy

Coil Weight
Number of Water Circuits

Water Flow Rate

Water Pressure Drop

Temperature Rise
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50H1200

9

. 2

2.40

50

240

1.15

1.20

130

500

960

3360

44210

96

3

12.7 x 12.7

6.3

121.3

460.5

968. ,

184

39.1

84.7

102.7

123.4

6

3.26 x

1.38

28.8

T

T-m

mm

mm

m

m

mm

mm

mm

kg

A-turns

2
mm

mm
2

mm

A

mH

mS1

kW

V

kJ

kg

10-4 m3/sec

mPa

°c



TABLE XI

Low Field Bend Magnet

Conductor cross section

Cooling

Current @ 18 GeV

70C2000

24

240 G

480 G-m

O.19 m

O.07 m

1. 93 m

2.0 m

0080 m

690 A-turns

23
2

26. 7 mm

Air

Magnet designation

Number of magnets

Field @18 GeV

, J.J3df. @ 18 GeV

Pole width

Gap height

Core length

Magnetic length

Width of the useful field

Amp-turns/pole @ 18 GeV

Turns / pole

30 A

Resistance

Power @18 GeV

Voltage drop

00 172 rz

154 W

5013 V
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magnets 0 Tests have been made on the vertical steering capacity of a SPEAR

sextupoleo The results were published in Refo 20 and were in general favorable.

Small rotated quadrupoles will be provided for control of the horizontal-

vertical betatron oscillation coupling. The bore of these quadrupoles is similar

to that of the main ring quadrupoleo Depending upon the strength specified and

beam-line space available, spare main-ring quadrupoles may be used.

50 Construction t,

Core Construction

Steel. The cores for the main ring bending magnets, main ring quadrupoles

and insertion region quadrupoles are of laminated construction, selected as a

result of experience with the solid-core magnets used in SPEARo Ther~ dif-

ficulty was encountered in making one magnet track another at high fieldso Be-

cause the steel in different cores turned out to have different permeabilities ,

the magnets had to be relocated around the ring. In PEP the low-field proper-

ties as well as high-field excitation must be consideredo To maintain high-field

uniformity over the broadest range of excitation, a high-permeability at high

fields and a low coercivity are requiredo The best saturation characteristics

are obtained in steel sheets having a low carbon contento Subjecting such a

sheet to an open-coil anneal in a controlled atmosphere will produce a low co-

ercivity with a variation in properties sufficiently small that with proper mixing

an average magnet can be constructedo Steel similar to that supplied FNAL

will be used for the PEP magnets in 105-mm thick sheets. A thickness of 105

mm was selected since the fully decarburized sheet is available in thicknesses

of 1.5 mm or less.

Punching and Shuffling. Approximately 700,000 laminations are required to

fabricate the main-ring bending magnets and 370,000 for the main-ring
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quadrupoleso Steel will be supplied to the vendors in sheet or coil, depending

upon availability and the vendor's ability to hand~e coilso Experience with the

models has shown that only one punching operation is necessary to produce

laminations of sufficient quality.

In order to achieve uniform magnetic properties, it is anticipated that ran-

dom shuffling of a half store of laminations similar to that used on the CERN ISR

will be, required 0 This, together with a random magnetic sampling of magnet

steel, will produce the desired uniformity. Magnetic quality assurance mea.....

surements will be made on each magnet prior to installation in the ring.

Core Assembly. The laminations for both bending magnets and quadrupoles

are stacked between thick end plates on reference surfaces' in an appropriate

stacking fixture. When enough laminations have been stacked, they are com-

pressed to the desired length at a given pressure. Straps in the form of angles

or straight bars are then welded to both the laminations and the end plates, after

which the pressure is released. Uniformity in stacking is extremely important

to insure constant magnetic properties at high fields, magnet-to-magneto

The bending magnets are removed from the fixture and supported on an as-

sembly table where the coil-support angles are installedo

Four quadrupole blocks are required to make one magneto These blocks

are assembled and doweled to prevent lateral motion. A V-groove punched in

the laminations simplifies this assembly 0

Coil Construction

Economic considerations have shown that aluminum-coil magnets are less

expensive to fabricate than their copper-coil equivalento For this reason, both

bending magnets and quadrupoles have all-aluminum coils 0 Further advantages

in using aluminum are that it is available in sufficient lengths that no joints are
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necessary in any of the coils and that, unlike copper, it does not work-harden.

The insulation system proposed for the PE P magnets is the same as that

used so successfully in SPEAR. In four years of operation, SPEAR has not lost

a single magnet to insulation failureo The system consists of a 00003-ino thick,

l-ino wide, adhesive-backed mylar tape half-lapped on the conductor, followed

by a 00007-ino thick, l-ino wide, fiberglass tape butt-lapped over the mylar

tape 0 The entire coil is ground-wrapped using a 0.007-in. thick half-lapped

glass tape, after which it is impregnated in a mold under vacuum with a suitable

epoxy resin.

The resin system employed in SPEAR may not be sufficiently radiation-

resistant for the PEP magnets, but it can be made harder through the addition

of alumina. Studies are currently under way to determine the radiation levels

in the areas of the coils. PEP-l09 indicated levels of 107 rads if a liB-in.

thick lead shield were placed adjacent to the vacuum tank. If such a shield is

used, radiation-hardened coils will not be necessary; otherwise, a hardened

epoxy system will be required.

Power and Water Distribution

The main ring bending magnets and the main windings of the insertion-

region quadrupoles are connected electrically in serieso By winding an extra

half-turn into the bending magnet coils, the bending magnets can be made to act

as their own bus 0 Jumper cables are provided to connect the top coil of one

bending magnet to the top coil of the next. After going entirely around the ring,

a jump is made to the bottom coil and the circle is retraced, connecting bottom

coil to bottom coiL In this manner, the net ampere turn for the bus circuit is

zeroo
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There are nine independent series bus circuits for the qu~drupoleso Air-

cooled 600-V cables mounted in trays adjacent to the magnets will be usedo The

sextupole and wiggler circuits are handled similarly 0 The circuits for the

steering coils are not continuous around the ring but terminate at the nearest.

insertion region where the power supplies are locatedo

The proposed magnet low-conductivity water (LCW) cooling system con-

sists of three stainless steel pipes, one supply and a return doubled back on it-

self to insure that all magnets see the same pressure dropo The cooling water

holes on the magnets will be sized so that at 15 GeV there will be a 200C tem-

perature rise and a 1306-atm pressure dropo Each arc has its own closed LCW

system with the distribution point located at the insertion utility building. The

total flow capacity of each arc is 130 gpm, resulting in a heat capacity of 685 kW

for a 200C temperature rise.

Support

The magnet support system is still in the design stage. The supports must

provide adjustments of three translations and three rotations, and these six ad-

justments will be uncoupled as much as possibleo The bending magnets will be

supported on stands at their points of minimum deflection.

6. Survey and Alignment

Magnet alignment errors in the PEP ring, especially quadrupole magnet off-

sets, can produce substantial closed orbit distortions 0 The purpose of the sur-

vey and alignment system. is to minimize these errors so that very little beam

steering will be required to store circulating beam. The long range surveying,

over distances greater than about 200 meters, will be performed separately

from the short range surveyingo
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The long range horizontal alignment will be based upon 12 survey monu-

ments to be located by the U. S. Coast and Geodetic Survey at the ends of each

long straight section. The survey will take place above ground, and the loca-

tions will be transferred down vertical shafts to monuments on the tunnel floor..

The long range vertical alignment will be based upon reference levels provided

by a hydrostatic level permanently installed in the tunnel.

The short range survey and alignment task consists of locating every ring

magnet relative to the two nearest survey monuments. Although several short

range survey methods are being considered, one method has received the most

attention. This method consists of performing an optical survey using align-

ment lasers. First, a series of instrument stations will be located at 30 meter

intervals between adjacent survey monuments. Then, since a straight line of

sight will be available between adjacent instrument stations, it will be a

straightforward task to locate ring magnets relative to the instrument stations.

The primary advantages of using alignment lasers are high speed and low labor

costs. Wherever possible, the radial survey errors will be minimized by mea-

suring offsets to lines of sight rather than measuring small angles.

A conventional optical survey using tapes, theodolites, and alignment tele-

scopes has also been considered, primarily as a backup to the alignment lasers.

The conventional method is straightforward but its use will incur higher labor

costs. Lastly, automatic surveying systems, including the use of inertial guid-

ance, are being investigated. Such automatic systems would provide extremely

high speed surveys and would drastically reduce labor requirements.

7. Power Supplies

Size of Supplies. Groups of magnets are separately powered according to

their function in the ring lattice. A listing of these separate circuits is shown
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in Table XII. In terms of the number of magnets and total power the largest

circuit is that of the Bend Magnets and Insertion Region Quadrupoles with a total

of 216 elements and 1850 k\V of losses. Ten of the remaining thirteen major

circuits are various quadrupole circuits; of those only the QF and QD contain

more than 12 magnets around the ringo The wigglers and focusing and de-

focusing sextupole circuits comprise the rest of the major ring circuits.

The circuits discussed above are all independent series circuits with single

or multiple power supplies inserted around the ring as necessary to make up the

required loop voltage at the maximum current defined for 18 GeV operationo

The number of supplies necessary is determined by the choice of 600V dc as the.

maximum for each individual supply 0 Reasons for choosing this maximum volt-

age are as follows:

1. The maximum voltage to ground is then 600V, which is the standard insula-

. tion level for conductors 0

2. Supplies can be powered from standard 480V distribution transformers and

switchgear 0

3. Thyristor and diode voltage ratings of 1500V are available and satisfy the

standard 2.5X operating voltage criteriono

4. The current in the circuits will be as low as reasonable (concurrent with

good magnet design practice) to reduce the conductor losses around the

ring 0

The number of 600V supplies to be used in each of the magnet circuits is

shown in column 3 of Table XII, and their locations in column 50 For the Bend

Magnet circuit the two supplies at each location are plus and minus 600V sym-

metrically with respect to their common midpoint. The large supplies are 10-

cated only in regions 4, 8, and 12, with by far the greatest number in region 8,

- 80 -



Q .0 ~) t-~~

I

if~} u '1 "i.

in order to concentrate the control and maintenance functions to a minimum

number of locationso Region 8 is the most logical for the heaviest concentration

because of its nearness to the Main Control Room. The Ring power supplies

will be placed in buildings along with the RF klystrons and their power supplies

and the Instrumentation and Control equipmento These buildings will be above

ground in the interaction regionso The ac power will come from the 13 kV ring

feed system. The cooling water for the power supplies will be on the same sys-

tern as that for the klystrons and their power supplies.

In addition to the basic design decisions already mentioned, ioeo, mini-

mizing the current in the buses around the ring concurrent with a maximum

voltage to ground of 600 volts, another goal has been to keep to a minimum the

number of different types of power supply circuitry 0 To this end the Injection

System magnet circuits are also designed for a 600V dc maximum leveL These

large supplies are listed in Table XII, beneath the ring supplies already de-

scribed, and the magnet systems they power are described in Section no Eo The

supplies will be located at the end of the SLAC building in Sector 300 There is

adequate 13 kV feeder power already in existence in the area to satisfy the in-

jection needs.

Type of Supplies. Three possible types of Power Supply Controllers have

been evaluated for the requirements described above. They are:

1.
.

6 or 12 pulse, phase-back, thyristor-controlled, three-phase supplies with

appropriate filtering on the dc outputo

2. Same as 1, plus a transistor bank in series with, or shunted across, the

magnet load.

30 Chopper control by a series thyristor from a dc source, where the average

output is determined by pulse-width modulation at a fixed repetition rate of

at least 1 kHz.
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TABLE XII

PE P Magnet Power Supplies

Ring and Injection Choppers

Magnet Circuits
Total Power No. of 600V Current Locations No. of Magnets

Required (kW) dc Choppers Rating (A) per Circuit

B+Ql+Q2 1850 6 700 4,8,12 192+ 12+ 12
, Q3 134 1 300 8 12
lQF 185 1 300 8 12
lQD 114 1 300 8 12
2QF 252 1 300 8 12
3QF 196 1 300 8 12
QF 430 3 300 4,8,12 48
QD 420 3 300 4,8,12 72

8QF 130 1 300 8 12
8QD 116 1 300 8 12
9QF 99 1 300 8 12

Wigglers 180 1 700 8 9
SD 53 1 300 8 48
SF 26 1 300 8 48
HI 160 1 200 Sector 30 15

H9S 80 1 200 Sector 30 8
H9N 80 1 200 Sector 30 8
QIS 36 1 100 Sector. 30 9
QIN 36 1 100 Sector 30 9
Q18S 28 1 100 Sector 30 7
Q18N 28 1 100 Sector 30 7

Magnet Total Power No. of Circuits Rating (V/ A) Location

Ring Corrective Elements (not choppers)

Special Sextupoles 60 5 8
Ql, Q2 Trims 48 24 :i: 30/100 2,4,6,8,10,12
Steering Coils (transitions) 160 48 :i: 30/100 2,4,6,8,10,12
Steering Coils (arcs) 30 96 :i: 30/10 2,4,6,8,10,12
Low Field Bends 7 24 :i: 30/10 2,4,6,8,10,12
Rotated Quad 20 2 :i: 120/100 8

Remaining Injection Supply Requirements (not choppers)

Q6N, S thru QI7N, S 64 16 + 50/100 Sector 30
Bumps 40 8 + 50/100 Sector 30
Trim Tl 3 1 :i: 50/100 Sector 30
Vertical Bends 36 3 + 120/100 Sector 30
Trims T2S, N thru TI8S, N 12 10 :i: 120/10 Sector 30
V and H Steering 29 24 :i: 120/10 Sector 30

2817A98



It is predominantly because of the failings of phase-back thyristor control

alone (1) that system 2 must be resorted too The added transistors, with their

wide bandwidth, are not so much needed because of the effects of fast ac line

voltage perturbations on the magnet current as because of firing circuits im-

balance and/or three-phase supply voltages imbalance~ Without the transistors

the attendant subharmonic ripple present in the output voltage , and therefore in

the magnet current, would be out of specification. This ripple is 60 Hz, whether

a 6-pulse or 12-pulse rectifier connection is used (normally 360 and 220 hertz

ripple, respectively)o There is also the problem of subharmonic oscillations ~

caused by single or multiple power supplies inter~cting through the impedance of

the ac feeder system and the firing circuits 0 An output voltage filter with a low

enough corner frequency to reduce these effects to less than O.01% in the current

would have too slow a response to the ramp reference change in the PEP system

to be satisfactory 0

While the combination of transistors and phase-back thyristors solves the

limitations of the individual use of either, it substantially complicates the sys-

tern and increases the problems of maintenanceo The cost of the combined sys-

tern is also at least 30% more than the cost of the thyristor system aloneo

The. third choice of a chopper system retains the advantages of a phase-back

thyristor system without its inherent disadvantages 0 Because the chopper con-

troIs the average value of the output voltage by acting as a switch in series with

an unregulated dc supply, the efficiency is similar to the three-phase thyristor

systemo But the chopper is completely decoupled from the ac supply system by

being powered from a filtered dc supply, and therefore the problem of sub-

harmonics in the output is eliminated. Being decoupled also means that the

feeder power factor remains constant over the range of operation of the chopper,
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whereas in the phase-back, ac commutated system the power factor varies di-

rectly with the phase-back angle. Utilities usually start charging for reactive

VARB when the power factor drops below 0095, so the chopper will possibly save

on future operating costso

The filter on the dc supply feeding the chopper also means that high fre-

quency noise associated with commutation will not be able to get back to the 13

kV distribution system and pollute other systemso To get the same result with

an ac commutated phase-back system, the commutation spikes would have to be

minimized by adding reactance, which again would result in an increased power -([I:

factor and higher output regulation under load. In the output voltage of the chop-

per frequency components will be nominally filtered to prevent their coupling

into other circuits around the ring. No filter beyond that provided by the mag-

net and the vacuum tank walls is actually necessary to bring the magnetic field

ripple to within tolerance.

Because all the chopper circuits are designed for 600V dc operation a com-

mon power supply can be used to feed all the choppers in a given location. Thus

all the choppers in region 8 will be fed from a 2.5 MW transformer-rectifier

set, and those in regions 12 and 4 will each have a 1 MW seL There will be one

common, filter on each rectifier for all the choppers fed from it, and the rms

current drawn from the capacitor will be held down by staggering the basic kilo-

hertz repetition rate fed to the various choppers. This way there are significant

savings in transformer costs over using separate units for each circuit. Ground

fault detection on each individual circuit will be provided by sensing differential

current between the two leads leaving each chopper.

The chopper operates by storing the energy required for commutating the

s-eries thyristor switch on a capacitor which is switched into the circuit by a
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bridge of auxiliary thyristors. The schematic below shows one possible imple-

mentation among many of the basic chopper principle. The efficiency of the

F i 1te r Chopper

Magnet

DC System Free -
whee 1 i ng
Diode

chopper system is then less (typically by 5-10%, depending on the thyristor turn-

off time) than that of an ac voltage commutated system due to the losses in-

curred in charging the capacitor and turning off the series thyristor. A proto-

type chopper rated 0-300V dc, 0-1200 amps, is shown in Fig. 27.

The allowable band of tolerance about the set-point of the current reference

is :I:0.01%. The maximum rate of change will be not more than 1% per second.

An update every 10 milliseconds of a 14-bit DAC is then required for each ref-

erence. The currents will all be monitored with transductors capable of :1:0.001%

operation' and with a separate calibration winding built into each of the trans-'

ductors to provide the means for periodic calibration with respect to previous

values and other units in the system. Feed-forward information from the un-

regulated dc supply voltage will be summed into the control circuit that deter-

mines the chopper turnoff time, so that ac line voltage changes will be sensed

and corrected during the chopper period in which they occur.
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Figo 27--Prototype chopper for operation from a 300V dc bus at up to 1200A,
with a repetition rate of 1 kHzo All the elements needed for :l: 0001%
magnet current regulation are included in this packageo
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Small Supplies. A large number of small supplies are necessary in the

Ring and Injection System for special functions such as steering, trimming,

low-field bends, sextupoles, and rotated quadrupoles. The trim and steering

functions are bipolar and must be adjustable through zero current.. Because the.

loads are single windings, the requirements are well served by continuously

controlled transistor actuators. Because of the trimming nature of these sup-

plies the reversal of the polarity applied to the magnet does not have to occur

rapidly and therefore a thyristor bridge in conjunction with single polarity sup-

plies can be employed.

The various supplies and their ratings are shown in Table XII. As can be

seen in column 4 there are two ranges of power supply voltages required:

(1) the 30V and 50V and (2) the 120V. Again, as in the chopper systems, dc un-

regulated supplies will be used to supply the bulk power at the 30V and 120V

level to each ring power supply location with feeders to each individual regula-

tor supplying power as required. The 50V requirement for the injector will

employ two of the 30V supplies in series (with transformer taps).. Again the

emphasis is on minimizing the number of different types of components used.

The transistor-actuator heat-sink and printed~ircuit-board package will

- also be standardized. A Wakefield Heat Sink, Model 180-26 or equivalent,

which holds twelve TO-3 transistors, will be used for all applications, with the

possibility of "seriesing" or paralleling as necessary.. This is an efficient and

inexpensive heat sink which is widely available.. All components other than the

transistors will be mounted on a printed-circuit board which will also serve as

a 100-amp emitter bus. The board is purchased with standard 2-ounce copper

on one side, but with 7-ounce copper laminate on the other, and with appro-

priate artwork and with emitter and base pin sockets riveted directly to the
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board the 100 amps can be brought to a connector at one end of the boardo This

system provides high reliability and ease of maintenance, along with allowing

production line techniques for loading the components. Continually improving

ratings in both continuous and switching transistors in the TO-3 package makes

it advisable to postpone the transistor selection at this time. Opting for a

standard heat-sink package, rather than a particular manufacturer's combina-

tion of heat-sink plus transistors, allows the possibility of changing transistors

at some later date if an improved type comes on the TIlarket or an existing type

is no longer available.

The slnall supplies can be set and will .maintain the current setting to :l:0.1%.

The control and monitoring will be done with DAC's and ADC's located at each

actuator 0

All the large and small supplies will be fabricated from standard available

hardware and mounted in standard rackso Subassemblies for protection, on-off

control, monitoring, etc. , will be standardized and fabricated for mounting in

the racks. \Vater manifolds will run in trenches below the racks and hose con-

nections will utilize quick disconnects wherever possible for easy maintenance.

The 30V de supplies available at each power supply location will also be used

for control functions and conversion to 5V logic level and :f: 15V operational amp-

lifier level, making the racks free of 60 Hz ac power. Isolation of individual dc

circuits will be by means of a contactor with a fuse for high-level fault condi-

tions. Conductors coming from the bulk dc supplies and going to the magnets

will be in trays located above the rackso
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c. RF System

1.. Layout and General Parameters

The synchrotron radiation energy radiated by a 15 GeV electron circulating

once around the PEP ring is 27 MeV 0 Additional energy is lost due to the exci-

tation of par~sitic modes in the RF structure itself, in vacuum chamber boxes,

and at vacuum chamber discontinuities around the circumference of the ring,

and this energy loss is calculated to be 3..7 MeV at a circulating current of 92

mA, based on assumptions to be discussed in detail later .. In addition to re-

storing these losses, the RF accelerating cavities must provide an overvoltage

in order to insure a useful quantum lifetime. At the PEP radiofrequency of

353 MHz (chosen for reasons to be discussed in the following section), apeak

RF voltage of 49 MV is required for operation at 15 GeV with 92 mA stored in

each beamo

A total of 9 MW is required and it is proposed that it be supplied by 18 kly-

strons, each delivering a cw output power of 500 kW.. In the initial installation,

each klystron will feed a single accelerating section 2.1 m in lengtho Each sec-

tion comprises five coupled 1T-mode cavities very similar in design to the

SPEAR II cavities 0 Six such accelerating sections will be located initially in

each of Regions 4, 8, and 120 Within each of these regions, the layout of the

sections may vary 0 In Region 12, present plans are to install a group of three

sections on either side of the interaction point. In Regions 4 and 8, all six sec-

tions will be located on the B and A sides, respectively, of the interaction pointo

As shown in the layout of Fig. 28, the installation will be compatible with a fu-

ture expansion of the RF system.

The initial complement of accelerating sections and vacuum pumps will be

installed as shown by the solid-line components in Fig. 280 The RF system may
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be expanded at any time by increments of three additional accelerating sections

so as to preserve symmetry around the ring. Orbit distortions due to either of

these distributions of the RF cavities and synchrotron radiation loss have been

calculated to be tolerable. As first constructed, drift pipes will occupy the

spaces reserved for future accelerating sections. As these future sections are

installed, a power splitter will replace the, 900 bend at the foot of the waveguide
\

penetration so that each klystron will power tWo accelerating sections.

The plan for providing the RF system with the capability for ready future

expansion, as shown by the layout in Fig. 28, represents an improvement over

the RF system as originally proposed. Although the greater flexibility provided

by this plan will occasion some additional expense, such as the cost of longer

RF alcoves in the tunnel, compensating cost reductions have been achieved else-

where in the system which will permit the overall cost to remain essentially the

same as in the present cost estimate.

The klystrons will be housed in shelters above ground as shown in plan view

in Fig. 29. An important feature of the construction is that the klystron power

supplies are located on concrete pads outside the buildings. As shown in Fig.

30, waveguides running through vertical penetrations connect the klystrons to

the accelerating sections in the tunnel below 0

Typical parameters for the RF system at 15 GeV are shown in Table XUI,

assuming a shunt impedance given by the measured shunt impedance for the

SPEAR ITcavities. The attainable circulating current depends strongly on the

assumptions made concerning parasitic-mode losses in the RF cavities and vac-

uum chamber components. As discussed later in SectionII.B.8, it is estimated

that a parasitic-mode loss impedance of 40 MQ can be attained at a bunch length

of 405 cm (twice the natural bunch length). An impedance of this order will
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TABLE XnI

Typical RF System Parameters at 15 GeV

Orbital Frequency

Harmonic Number

Frequency

Synchrotron Radiation Energy Loss per Turn
. 1

Higher-Mode Energy Loss per Turn
2

Peak RF Voltage

Particles per Beam

Circulating Current per Beam

Synchrotron Radiation Power (bothbeams)

136.269 kHz

2592

353.209MHz

2700 MeV

3.7 Me V

48.8 MV

4.2 x 1012

92 mA

"

Number of 500-kW Klystrons

Total Power Input to RF Power Supplies

. Active Length of Accelerating Structure

Shunt Impedance for all Cavities Together 3

Fundamental-Mode Cavity Dissipation

Power Loss to Parasitic Modes 1

Total RF Power

lEstimated for a bunch length of 4.5 em and a higher-mode loss
impedance of 40 MQ.

2For- a quantum lifetime of 50 hours 0

3The definition of shunt impedance used here is Rs = V~/P ,
where Rs is shunt impedance, VI) is peak RF voltage and c
Pc is power dissipated in the cavity walls.
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allow a circulating current of 92 mA per beam at 15 GeV. Since the parasitic-

mode loss impedance depends on bunch length, the supportable circulating cur-

rent will also depend on bunch length. There is no completely adequate theory

which can give an exact prediction of the bunch lengthening to be expected in

PEP. Consequently, bunch lengthening by a factor of two at 92 mA has been

used in extrapolating SPEAR II results to the PE P case, using the potential-

well-distortion model of bunch lengthening.22 Should the bunch-lengthening fac-

tor be greater, the circulating current will be higher, and converse ly.

2. Choice of Frequency

RF systems of early e+-e - storage rings operated at frequencies below 100

i

l\1Hz; the SPEAR I RF system, for example, operated at a frequency of 51l\1Hz.

Although operating at this low a frequency does have some important advantages,

the shunt impedance per unit length of the cavities is on the order of only

1 Mn/m. If the PEP RF operating frequency were chosen to be at such a low

value, then the RF structure would need to be several hundred meters in length

in order to attain the high peak voltage required. By using a higher frequency,

as in SPEAR IT, the geometric shape of the cavities can be optimized without in-

troducing unduly large structures, and the shunt-impedance-per-unit-Iength can

be increased significantly. The disadvantage in using a higher frequency is

that the overvoltage ratio (peak voltage divided by the synchrotron radiation loss

per turn) required to give a reasonable quantum lifetime also increases.

Taking these two competing factors into account, it can be shown that there is a

rather broad optim~m for PEP in frequency region 100 to 400 :MHz,23 but

biased toward the lower end of this range if parasitic-mode losses are also

taken into account.
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Given this optimum frequencyregion, then economic and engineering con-

siderations dominate the choice of RF frequency. The structure diameter,

weight, and cost increase as frequency decreases. The same is true of the

available RF power sourceso A careful study of the comparative advantages of

klystrons vs gridded tubes was made in connection with the design of the RF

system for SPEAR no 24 It was concluded that klystrons were superior to avail-

able gridded tubes with respect to initial and annual operating costs, reliability,

and expected lifeo Klystron size and cost are lowest at the upper end of the 100-

400 MHz frequency rangeo These factors led to a choice of 358 MHz for the ~

SPEAR n RF system, and similar reasoning leads to the conclusion that a fre-

quency of 353 MHz is reasonable for PEPo This choice has the added signifi-

cant advantage that the successful SPEAR II RF system becomes a model for the

PE P systemo

The 358-MHz SPEAR n RF system is described in Ref. 250 Installation

was completed in November 1974, and operation is now routineo Colliding

beams have been obtained up to 4 GeV, where the peak accelerating voltage is

over 6 MV. Some of the problems encountered and the measures taken to re-

solve them are discussed in Refo 25. So far they do not indicate any basic rea-

son why ,this system cannot be extended to meet the PEP requirementso In sum-

mary, we feel that the experience obtained from the construction and operation

of the SPEAR II RF system provides a firm basis for the design of the PEP

systemo

30 Structure Design

The re4uirement of cw operation at high energy gain, together with the

need in a storage ring to minimize the space occupied by the RF system, de-

mands an RF structure with high shunt-impedance-per-unit-Iengtho Thus, many
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of the same considerations entering into the design of the shaped-cavity LAMPF

accelerating structure26 also apply to the PEP structure. There are in addition

some further special design considerations. These include the large aperture

required to accommodate the storage-ring beam during injection, the need for

tuning to compensate for reactive beam loading and for thermal de tuning effects,

and the requirement to mask some surfaces against intense synchrotron radia-

tion. In addition, in a high-energy storage ring the RF power transferred to the

beam per unit length of accelerating structure is typically much higher than in

linacs. In the PEPcase, for example, it may reach 100 kW/m. Taking these ,

factors into consideration, the accelerating structure chosen for SPEAR n con-

sists of five strongly coupled cavities operating in the 1Tmode so as to acceler-

ate both counterrotating beams. This structure is depicted schematically in

Fig. 31 and a photograph of an accelerating section is shown in Fig. 32. The

shape of the individual cavities has been adjusted to produce a high shunt im-

pedance which, for a perfect copper surface, would be 30 MQ/m. The coupling

slots reduce this figure by about 10%. In addition, an aluminum alloy having a

surface conductivity 75% that of copper was used in the fabrication of the SPEAR

II cavities. Taking into account the fact that surface conductivity for real sur-

faces falls 5 to 10% below the theoretical predictions, a shunt':'impedance-per-

unit-length of about 19 MQ/m was predicted for the SPEAR II structure. This

value was confirmed both by cold test measurements and by performance in the

SPEAR ring.

Modifications will be required to adapt the structure to PEP operating con-

ditions. Of particular importance, the higher power density per unit length (a

maximum of 100 kW per cavity) will require increased cooling. The nose cones,

for example, will be shortened to provide shorter heat paths. SimpUfications
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Figo 32--Photograph of the SPEAR ITaccelerating structureo
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will also be made in the cavity shape to permit easier fabrication. A 1/7-scale

model has been built and measured as part of the PEP R&D program, and the

results of these measurements indicate that there is a loss of about 13% in shunt

impedance due to these modifications. On the other hand, a 1100-series alumi-

num alloy having higher thermal and electrical conductivities will be used in the

fabrication of the PEP structure and the gain in RF conductivity (about 16%) in

going to the new alloy will more than offset the loss due to changes in cavity ge-

ometry. A full size, two-cavity prototype of the modified accelerating structure

is under construction and will be tested at the PEP power level of 100 kW per .~

cavity early in 1976.

The unloaded Q of this structure will be about 30,000. At 15 GeV, where a

maximum beam current of92mA (each beam)will be stored, the beams will ex-

tract more power from theRF source than is dissipated in the cavity walls. The

accelerating structure must therefore be overcoupled with a coupling coefficient

of about 2.5. The corresponding loaded Q is about 8,000 and the fillip.g time is

7.5 p.sec.The peak voltage which would be induced by the beam if all 18 accel-

erator structures were tuned to resonance would be about 37 MV for two circu-

lating beams of 92mA each. Each cell of the five. coupled cells in an acceler...

ating se<?tio:nwill be provided with a separate tuner. Initially these tuners will

be hand-adjusted to compensate for manufacturing tolerances. In operation they

will be ganged and motor-driven to adjust compensation for reactive beam load-

ing and provide stability against phase oscillations.

4. Klys trons

The need for klystrons capable of supplying 500 kW of cw RF power at 353

MHz can be met with several designs. It would be easiest simply to scale the

SPEAR II klystrons, which have demonstrated an efficiency slightly greater than
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55% at a power output of 125 kW. If this were done, the dc input power to each

klystron would be close to 1 MW. However, in view of the scarcity and cost of

power, both now and to be expected in the future t it is especially desirable to

develop a very high efficiency klystron to reduce the total power consumption for

the PEP RF system. Computer calculations indicate that an efficiency somewhat

greater than 70% should be achievable in a 500-kW tube. The input power per

tube would then be 715 kW instead of 910 kW, reducing by 3.5 MW the total in-

stalled capacity for the 18 stations. Such high efficiency is achieved by intro-

ducing a second-harmonic cavity which, at the fundamental frequency, produces

sharper bunches having a greater component of RF current at the output cavity.

This requires additional interaction length, and results in a klystron which is

about four meters longo

An experimental tube has been built. A schematic diagram of it is shown in

Fig. 33 and a photograph in Fig. 340 This experimental tube is at present being

tested under pulsed conditions since it does not have a full-sized collector 0 In

initial tests we have measured an efficiency of 63% with 60 kV on the anode. A

power output of 500 kW was reached at 65 kV. The measured gain was within

1 dB of that predicted by the computer design programo By reshaping the pro-

file of the magnetic focusing field along the tube axis, we expect that the effi-

ciency can be increased further t approaching the design valueo A full-scale kly-

stron capable of cw operation at the 500-kW design level will be ready for testing

in the spring of 19760

Typic al parameters of the PE P klystron operating into a matched load are:

Beam Voltage 62 kV Drive Power 15 W

Beam Current 11..5 A Output Power 500 kW

Beam Power (input) 713 kW Electromagnet Focusing 50 V
at 25 A

Frequency 353 MHz
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5. Klystron Power Supplies

The power supplies which provide beam voltage and current to the klystrons

will themselves be unregulated in the interest of economy and simplicity. How-

ever, slow regulation of voltage and adjustment over a limited range is afforded

by induction regulators in series with the ac input to each power supply. These

low-priced, commercially available units provide voltage control over a 20%

rang~ in 5/8% steps (Fig. 35). Fine control of the RF accelerating voltage can

be obtained by varying the RF drive to the klystrons.

Since the characteristics of all klystrons will not necessarily be identical, ~

taps on the primaries of the high-voltage transformers will permit the optimum

operating voltage to be selected for ,each klystron when it is installed and as its

characteristics change with aging. Each supply will have a maximum output of

756 kW at 63 kV and 12 A. They will be oil-filled units w~th a solid-state !ec-

tifier and a 6-henry filter choke contained in the same oil tank.. They will be in

weatherproofed housings located outdoors, as indicated in "Fig. 30, minimizing

the fire hazard and reducing the size of the klys tron buildings. The output of

each supply passes through the building wall to a high-voltage cabinet just in-

side, housing a one-microfarad filter capa.citor, crowbar, interlock circuits ,

control ~,irc~its, and voltage and current metering circuits.

In the event of a klystron fa.ult, the energy dissipated in the fault will be

held down to a few joules by a spark-gap crowbar, driven by a simple thyratron

pulser triggered by a current transformer in series -with the klystron~ A vac-

uuni contactor at the input to the supply will simultaneously be tripped.

A prototype power supply has been delivered, installed, and tested. It

will be used first in tests on a diode composed of the gun and collector from the

500-kW tube. These initial tests will, in addition to proving the capability of
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the power supply, provide a test of the gun and collector design for the full-

scale tube. Tests on the first full-scale model klystron will follow 0

6. Phasing and Tuning

A block diagram showing the drive, phasing, and cavity-tuning systems for

the RF system is given in Fig. 36. Consider first the control system for accel-

erator section tuning which must be adjusted with increasing beam currento A

phase bridge will accomplish this by comparing the phase of the RF power in-

cident on the accelerator section with the phase of the field in the sectiono The

output of the phase bridge activates the tuner drive, which moves the tuners

either in or out to null the signal from the phase bridge.

Relative phasing of the accelerating sections will be carried out by first

capturing a low-energy beam in the ring with a single RF cavity on. Then a sec-

ond cavity will be turned on and phased relative to the first by maximizing the

synchrotron oscillation frequency. This second cavity will then be turned off

and a third one turned on and phased to the first in a similar manner and so on,

until all the cavities have been successively phased.

In operation of the system the largest changes tending to degrade the phase

alignment will be phase changes across the klystron as the beam voltage and

klystron drive are varied. A phase-lock loop around the klystron will reduce

these changes to acceptable levels. A stable phase reference cable will carry

phase information from a pickup in each accelerator section back to a phase

bridge near the RF source. At any time, the phase can be touched up to within

an accuracy set by the stability of the phase reference cable by varying the in-

put phase to each klystron until the phase of the signal from each cavity pickup

agrees with a reference phase setting. The reference phase settings are those

measured for each pickup immediately after the complete phase alignment has
- 106 -
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been made using the synchrotron-frequency technique described aboveo

70 Control of Longitudinal Instabilities

The six circulating bunches in PEP can be considered as six coupled har-

monic oscillators with six normal modeso The inphase barycentric (zero-mode)

phase oscillations of the bunches can probably be stabilized by appropriate tuning

of the accelerator sections 0 Should this measure prove to be inadequate, this

mode nan be controlled by a feedback loop using a narrow-band phase signal

picked up from the beam and fed back to phase modulators in the input drive lines

to the klystrons. In order to damp the other five possible modes, one or more

high-frequency cavities may be required. When such cavities are in operation,

the time derivative of the voltage, and hence the synchrotron oscillation fre-

quency, is different for each buncho If this "splitting" of the synchrotron fre-

quencies is sufficiently large, the bunches are effectively decoupled against lon-

gitudinal phase oscillations. This technique proved successful in SPEAR I and in

other storage ringso In SPEAR II, however, no longitudinal phase oscillations of

any kind are normally observed, leading us to expect that they may not occur in

PEPo For this reason high-frequency cavities will not initially be installed ~n

PEP, although provision will be made for them should the need be demonstratedo

Threepotentiallongitudinal instabilities which can arise out of the beam-

beam interaction have been suggested and studiedo 27 They appear not to be sig-

nificant for PEPo The first instability occurs only when the colliding beams

cross at an angle, which is not the case in PEPo The second one is due to a

nonzero value of T1*, the T1-function at the interaction regiono It places an upper

limit on T1* which is higher than the value at which PEP will operateo The third

ins tability occurs when the bunch length is large compared to the value of the (3-

function at the interaction regiono This again will not be the case in PEP.
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80 Loss to Parasitic Modes

As discussed previously, parasitic modes in the RF cavities and in vacuum

chamber components lead to an additional loss of energy from the beam parti-

cles over and above that due to synchrotron radiationo Both theoretical and ex-

perimental approaches have been used to estimate the magnitude of this loss for

the PEP designo Calculations are available ,which give the loss for the case of

a closed cylindrical box, or for the case of a chain of such boxes coupled by

holes on the beam center. 28 To the extent that such a disk-and-cylinder model

can predict the higher mode losses for the PEP RF structure, these losses fol-

low the relation R(CA V) = 110 exp (-0.43 cr )MQ for the 90-cavity structure pro-z

posed for PE P, where R is the higher mode loss resistance and (j is the bunchz

length in cmo

An experimental measurement on SPEAR II gives an indication of the losses

that might be expected for the "incidental" vacuum chamber cavities. 29 By sub-

tracting the calculated higher mode losses for the RF cavities from the total

measured loss for SPEAR II, an expression is obtained for the vacuum chamber

loss aloneo This loss, when scaled to the PEP circumference, assuming the

same loss per unit length of vacuum chamber as in SPEAR II, gives R(VAC) =

915 exp (-0.. 3 cr )MQ.. However, in designing the SPEAR vacuum chamber, noz

effort was made to reduce the number or magnitude of the discontinuities which

determine the parasitic mode loss.. After reviewing the construction of the

SPEAR vacuum chamber, it was felt that it was not unreasonable to expect that

these losses could be reduced by a factor of 10.. Adopting this as a criterion,

we add one-tenth of the vacuum-chamber loss obtained from the preceding ex-

pression to the calculated loss for the RF cavities and a total parasitic mode

loss of R(TOT) =200 exp (-0.. 36 (]' )MQ is obtained for PEP.z
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Using this expression for parasitic-mode loss, the circulating current for

PEP can be calculated as a function of energy. The calculation is described in

detail in Ref" 30 and uses parameters appropriate to the lattice described pre-

viously in Section II" A" Results are shown in Fig" 37 for three different lengths

of RF structure" The solid line gives the stored current capability for the 38 m

long structure proposed for initial installation" Results are also shown for RF

structure lengths which are twice and four times as long" In all three cases the

stored current capability is 92 mA or more at 15 GeV; the advantages of the

longer systems lie in a savings in RF power at 15 GeVand below and a higher

stored-current capability above 15 GeV" For a stored current of 10 mA per

beam, the. energies reached by the 38 m, 76 m, and 153 m systems are seen to

be 18" 0 GeV, 19" 8 GeV, and 21" 6 GeV, respectively"

All stored currents shown in Fig" 37 have been calculated for bunches which

are lengthened by a fixed factor of two over the natural bunch length, which is

the estimated bunch lengthening at the design current level.. At lower currents,

the actual bunch lengthening will probably be less, the parasitic-mode losses

will be somewhat greater, and the stored currents will be slightly less than

shown"
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Do Vacuum System

10 Introduction

The vacuum sys tem proposed for the PE P storage ring will be similar to

the successful SPEAR design, which has proven so reliable and satisfactory,

both in construction and operation.31 Any modifications are due primarily to

the increased synchrotron power radiated per unit length, which tends to in-

crease radiation-induced gas desorptiono All design parameters and system

features are dictated by the pressures required to achieve adequate beam life-

times and acceptable background rates in the interaction region areaso

20 Vacuum Chamber Construction

The vacuum chamber in the bending magnets will be 14 meters long (Fig.

38), of extruded 6061-T4 aluminum with an internal cross section as shown in

Figo 390 The inner cross-sectional area is designed to accommodate the beam-

stay-clear region required by beam dynamics and to allow for unavoidable er-

rors in mechanical positioningo The synchrotron-radiation-absorbing wall will

be approximately 10 mm thick. As shown in Fig. 38, a regular cell contains

one bent aluminum extrusion and one instrument moduleo The stainless steel

instrument module will accommodate an expansion bellows, position monitors,

vacuum g~ug~s, synchrotron radiation masks, holding pumps, and other com-

ponents 0

The segments of the vacuum chamber are joined together with standard

vacuum flanges, all of which will be of stainless steel with copper gaskets.

The largest flanges are the holding pump flanges and the 250-mm flanges at the

ends of the chambers 0 They will be attached to the aluminum chambers by

means of transition sections made of the explosively bonded aluminum-stainless

steel sandwich material used in SPEAR, where the system has reached base
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pressure levels lower than 2 x 10-10 Torr without any in-place bakeout and with

no detectable leaks"

In view of the concern regarding the higher-order-mode losses evidenced at

SPEAR,29changes and discontinuities in vacuum chamber cross section will be

held to a minimum" The individual sections of vacuum chamber will be contin-

uous through two bend magnets and two quadrupoles, and mesh screens will

mask the beam from unavoidable abrupt changes in chamber cross section,

caused, for example, by bellows and pump ports.

3. Synchrotron Radiation

The spectral energy distribution of the synchrotron radiation is shown in

Fig. 40" The critical energy at 15 GeV is 45.4 keY with a considerable fraction

of the photons having energies above 80 keY. In the region below 40 keV, the

photoelectric process dominates the attenuation of photons in aluminum; hence

almost all the power at these photon energies is absorbed in the' chamber wall.

Above this photon energy, attenuation by Compton scattering begins to dominate.

Calculations show that many of these photons are scattered out of the chamber

wall with energies above 3 keY carrying away about 40% of the radiated synchro-

tron power.

One of the major factors determining the vacuum system design is the ther-

mal load which must be dissipated by surfaces subject to intense synchrotron

radiation" Design criteria must be conservative to reduce the danger of a burn-

out, and a resulting water-to-vacuum leak. Therefore, for design purposes of

the PEP vacuum system, we assume that all the synchrotron power is absorbed

in the walls and masks even though some escapes the system.

At 15 GeV with 92 mA stored in each beam, the total power radiated per

beam will be 2.5 MW" The design power distribution for the vacuum chamber
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geometry in a main bending cell is plotted in Fig. 41. The maximum linear heat

flux for two counterrotating beams is about 46 W/ cm. These values include a

10% margin for safety above the total radiated power.

Heat fluxes in the zones adjacent to the wiggler magnets will be particularly

high, the maximum being 115 W/cm as shown on Fig. 42. This flux is based on

a maximum synchrotron radiation power loss of 141 kW/beam, for each of the

wiggler triplets required for beam size control. See Fig. 100 Special ab-

sorbers will be required in these regions.

The main gas load is due to synchrotron-radiation-induced desorption,

which is a function not only of the machine energy and stored current, but also '*ii

of the condition and history of the irradiated surface. The crucial measure of

gas desorption is the pressure rise when beams are stored in the ring. When

the first beams are stored, the initial rise will carry the pressure two or three

orders of magnitude above the base pressure. Continuous exposure to synchro-

tron radiation will"condition" the surfaces and then the pressure rise will de-

crease. The total synchrotron-radiation-induced gas load for the storage ring

is estimated by extrapolation from SPEAR to be on the order of 10-5 Torr

f./mA-sec at 15 GeV, after a reasonable period of conditioning.

40 Vacuum Pumps

The vacuum system is conductance-limited in the bending-magnet cham-

bers, where most of the outgassing occurs. Here, we will use the same type of

dis tributed sputter-ion pumps developed and used for SPEAR. These pumps are

rated at 160 f./sec per meter of pump length. Commercially available 100 f./sec

ion pumps will be mounted at every second quadrupole, and will maintain the
-9

system at a base pressure of 1 x 10 Torr without a stored beamo
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With two 15-GeV, 92-mA beams circulating, the calculated pressure dis-

tribution is as shown in Fig. 43. Based on the above estimato for the total gas
-8

load, the average pressure will be on the order of 2.2 x 10 Torr. We are

studying the possibility of future installation of additional 100 l./sec pumps, to
. .

-8
reduce the average pressure to 1.0 x 10 Torr. See Fig. 43.

5. Instrumentation, Valves, Controls, etc.

Isolation valves, vacuum gauges, and blanked-off pump ports are incorpo-

rated in the design to make pumpdown easier, to isolate sections as protection

agains t accidental venting-to-air, and to facilitate diagnostics. There will be a

nude pressure gauge in every fourth cell. Four inline, all-metal valves will be

installed in each arc and can be actuat~d manually, either locally or from the

Control Room, or automatically upon any indication from the vacuum gauges of

abnormal pressure rise. Ports with all-metal right-angle valves will be in-

stalled in each instrument module. They will be used for pumpdown connections,

installation of mechanical or thermocouple gauges, diagnostics, and venting.

Pumpdown will be accomplished by a combination of trapped mechanical pumps

and cryosorption pumps.

6. Cooling Water

Based upon the distribution of synchrotron radiation per cell as shown in

Fig. 41, the maximum heat flux is 46 watts/cm. The temperature differential

across the water-cooled wall of the chamber at this flux is approximately 450C,

and the temperature differential across the surface film in the water is 260C.

Water will be supplied at 300C and the total water flow for the storage ring will

be 220 l/sec to hold the bulk temperature rise to 100C.

The thermal conditions given above determine the thickness of the water-

cooled web of the vacuum chamber and the area of the cooling water passage.
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A supply-water pressure of 17 atm, with a differential pressure drop of 13 atm

through the fourteen meters of cooling water passage, will provide the flow with-

out exceeding the allowable stress in the cooled web.

Figure 44 shows a conceptual design of the instrument module, which in-

cludes the pump port, position monitor, synchrotron-radiation mask, and ports

for pumpdown and instrumentation. The copper mask, brazed to the stainless

steel cooling tubes, will average 3 cm in thickness. For the configuration

shown, the maximum local water temperature will be less than 1000C, and the

maximum local metal temperature will be less than 2500Co ~

Due to the intense heat fluxes and the associated heat transfer problems,

the vacuum chamber cooling water system must be an independent high-quality

sys tern.

7. Insertions

The vacuum chambers for the insertion regions will be fabricated mostly

from 300-series stainless steel tubing. The initial design of the insertions,

where, in contrast to the arcs, the main gas load is due to thermal outgassing,

will provide for an average pressure of 5 x 10-9 Torr, primarily of gas with

mass 28. The chambers will be provided with ports to simplify the addition of

pumps adequate to maintain an average pressure of 5 x 10-10 Torr of mass 28

gas if experimental conditions require it.

Experience at SPEAR has shoWn that a large number of high-energy pho-

tons'can be scattered or transmitted into the interaction areas requiring colli-

mators to shield off extremely high backgrounds. To abet the low-field mag-

nets and the bend Inagnets already mentioned in Section IIoAo9, a pair of high-

Z masks, one movable and the other stationary, will be located at the entrance

of each interaction region. These masks will be water-cQ.oledo
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8. Bakeout

The extr-uded aluminum vacuum chambers in the arcs will be baked out by

circulating hot water (185°C) through the cooling water passageso The bake out

mantle for the chambers will consist of 4 mm of insulating material covered

with glass tape and insulating paint. Calculations show that the transverse

temperature difference across the width of the chamber will be I80C and the

water flow required for the bakeout will be one f/sec per chamber at 185°C and

18 atmo All chambers will be baked to a temperature of I850C to 2000C prior

to installation in the ringo ,~

The ins trument-module chambers and the chambers in the insertions will

be wrapped with electrical heater tapes and sufficient insulation to achieve a

bakeout temperature of 2000Co Bakeout temperatures will be monitored by the

use of remotely read thermoc ouples 0
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E. Injection System

1. Requirements

The injection system transports the electron and positron beams from the

two-mile linear accelerator and switches them onto stable orbits within the vac-

uum chamber of the PEP ring. The SLAC beams have the following parameters:

Energies 4 to 15 GeV

~omentum width :f:O.5%

0.2 1f(15 GeVIE) mm-mradEmittance, positrons

Emittance, electrons 0.02 1f (15 GeV/E) mm-mrad

Pulse length 1 ns

1.3 x 108 positrons, and

9
1.3 x 10 electrons

Particles per pulse

Repetition rate up to 360 pps

2. Transport System

The transport system has been designed to transmit a momentum width of

:f:0.8% with a resolution of at least :I:0.3%. The magnet apertures are deter-

mined largely by the momentum passband and resolution requirements. The

monoenergetic emittance of the SLAC linac is easily transmitted and is only of

secondary importance in determining the required apertures in the transport

system.

For reasons of cost coupled with the relatively modest momentum resolu-

tion demanded of the system, a simple periodic FODO array of identical quad-

rupoles with interspersed bending magnets is selected as the design basis of the

system. The horizontal aperture requirements are uniquely determined by the

spacing l between quadrupoles, the total angle of the bend, and the required mo-

mentum pass-band. For the vertical apertures the transmitted monoenergetic
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emittance of the beam is determining. The required apertures are:!:: 25 mm

for the "good" field region of the quadrupoles and 25 mm for the total bending-

magnet gap.

For the periodic FODO quadrupole array, the phase shift per unit cell

(length, 2£) is chosen to be 900. It follows, then, that the monoenergetic matrix

transformation between any two positions separated by a distance of 4£ is - I

(the negative unit matrix). Because of this, each 360-degree-phase-shift seg-

ment of the system will be achromatic if, for every .6a of bend angle inserted

at any position s there is an equal .6a of bend inserted at a position (s + 4£). tt

The proposed design is illustrated in Fig 0 45. The total system consists

basically of three 3600 achromatic segments, * the first two bending in an approx-

imately horizontal plane and the last in the vertical plane. The plane of the nearly

horizontal segments is rolled a few degrees about the initiallinac beam axis so as

to carry the beams down to the lower elevation of the storage ring.

The distribution of bending magnets has been selected for practical reasons

consistent with the above rule for achromaticity. In the first two segments, the

bending magnets are distributed as shown because of two dominant considerations:

first, that there are "missing" magnets to simplify transporting the beam through

existing SLAC concrete walls, and, second, that the first and second achromatic

segments are placed in mirror symmetry so as to provide five quadrupoles (28Q6

through 28QI0) in the achromatic region between the two segments to adjust the

monoenergetic beam phase ellipses to match the various possible PEP injection

configurations. In addition, two appropriate quadrupoles (e. g., 28Q12 and 28Q16)

in the second 3600 segment, separated by a minus unity transformation, are

varied in the opposing sense so as to vary TJ' = d x' / d (Ap/p) at the injection point

*In this section the term 3600 will refer to phase shift.
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without disturbing the monoenergetic phase-space configurations.

The last 3600 achromatic segment bends the beam vertically a total of 88

milliradians and deposits it at the ring injection position via a Lambertson iron-

septum magnet.

3. Pulsed Inflection System

The injection process whereby electrons or positrons from the linac are

, trapped in the PEP storage ring has two steps, as illustrated in Fig. 46 and 47:

(1) a launch into a stable orbit in the ring, having large-amplitude betatron oscil-

lation, followed by (2) a slow damping of that oscillation down into a small-
,t?

amplitude equilibrium distribution.

The entering particles are deflected horizontally by a pulsed "kicker" mag-

net (Kicker Magnet 3) onto an orbit in which they can safely circulate within the

vacuum chamber with a radial collective betatron oscillation of 2- or 3-cm am-

plitude, depending on the lattice configuration in use.- To compensate the effect

of this kicker magnet on the beam already stored in the ring, it is made part of

a triad of pulsed magnets (Klckers 1, 2, and 3) whose function is to distort, or

"bump," the local closed orbit at the time of injection as illustrated in Fig. 46.

The amplitude of the bump required is th,e sum of the width of the injected enve-

lope (including dispersion effects), the septum width, and a small allowance for

clearance, the sum typically running 1 to 2 cm. In this system, the septum sep-

arating the external path of the entering beam from the internal orbits is the thin

, conductor which terminates the central field of Kicker Magnet 2.

In addition to the triad of pulsed kicker magnets , which produce the fast

bump, a quartet of de magnets is arranged in the injection area to produce a

dc bump of variable amplitude and slope at the point of injection. This variable

bump helps match the beam optics of the transport line to that of the wide range
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of lattice configurations which can be used in the PEP ring. The beam exits the

,transport line through a foil window and enters the ring vacuum through another

foil window that is on the inner radius of the ring in order to protect it from the

intense synchrotron radiation. In the vertical plane, the beam is centered and

phase space matched.

4. Injection Rate s

While the beam circulates, the synchrotron-radiation process continuously

damps the beam dimensions and also the energy spread toward an equilibrium

distribution determined by quantum fluctuations. This radiation process allows {<

each injected pulse of particles eventually to be deposited in a volume of phase

space already occupied by previously stored bunches and thus avoids the limita-

tion of constant phase-space density (Liouville's Theorem) common in proton ma-

chines. Also, it is a "forgiving and forgetting" process in the sense that deliber-

ate or accidental variations in the injection procedure do not affect the final

equilibrium beam distribution.

The loading time of the storage ring is short but not negligible. To load 92

mA of electrons and positrons into the ring at 15 GeV from the linear accelerator

operating at 360 pps takes about 5 minutes. This maximum repetition rate of

360 pps is possible only at energies greater than 12.5 GeV,where the damping

time in the storage ring is less than 8.33 milliseconds, the time needed to load

three successive linac pulses into the three active RF buckets in a beam. At

lower energies, the dampin~ times in the normal lattice would increase as E -3 0

However, the wiggler system serves to shorten the damping times so that the

effective energy dependence is approximately E -2 0 The required current in the

ring varies as E, so that the overall filling time below 12.5 GeV varies approx-

imately as E-1, as shown in Fig. 48. Since the usable SLAC repetition rate is
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quantized, the actual curve has small jogs where the ratio of beam-danlping

time to SLAC -interval times becom.es an integral number; the dashed area on

the curve of filling time represents this irregularity. Above 15 Ge V, the filling

time drops because the required current falls as E -4 . With the wiggler system,

the filling time requirements below 15 GeV are reduced significantly from those

in systems in which beam size is controlled by varying the betatron tunes and

the dispersion function.

A special new electron gun, installed on the two-mile accelerator to provide

the high peak currents and the short pulses necessary for injection into the

SPEAR II storage ring, has been in use since October of 1974. It is now providing

peak positron currents at the end of the accelerator in excess of 20 mA 0 This per-

formance is adequate for the proposed PEP requirements, so that a further major

gun development is not necessary. The filling time curve of Fig. 48 is based on

the assumption that only 50% of the 20-mA positron current from the linac is trans-

mitted and trapped in the PE Pring.

Precise timing and energy definition are required for successful injection.

Each injected pulse contains 108 positrons or 109 electrons, is about 1 ns in length

(consisting of four s-band pulses), and has :I:0.5% energy spread. These dimen-

sions just fit within a typical RF bucket in the PEP ring. Furthermore, each in-

jected pulse must be placed in a specific RF bucket, one of three in use (out of a

total of 2592 in the ring). This requires precise timing, but the means of doing

it are already in use on SPEAR.

5. Major Components in the Injection System

A description of the major components in the transport line and injection

system and their principal characteristics at 15 GeV is as follows (see also

Fig. 45):

~ 133 -



(1) Pulsed Switching Magnet (29PMl)

Maximum Field

Effective Length

Bend Angle (15 GeV)

Clear Aperture

3. 3 kG

0.96 m

6. 3 mr

:!:1205 mm

Wave Form Single600-Hz sinusoid

Repetition Rate 360 Hz

Peak Voltage and Current 3.8 kV, 420 A

Average Power 3 kW

Weight 725 kg

Number Required 1

Comment: The design will probably be that of the ~LAC switch magnet PM30

with the aperture increased by 25% to accommodate a ceramic vacuum chamber 0

$

(2) Splitter Iron-Septum. Magnet (29Bl)

Maximum Field

Effective Length

Beam Angle (15 Ge V)

Gap Height

Clear Aperture.

Ampere-turns

1009 kG

3.0 m
0

65 mr (30 75 )

30 mm

Power

:f:1205 m (vert.),

35,000 A-t, dc

22 kW

9000 kg

1

:l: 115 mm (horiz..)

Weight

Number Required

(3) Horizontal Bend M~nets (28B2 to 28B16, 30B2 to 30B16)

Maximum Field 1206 kG

. Effective Length 2. 6 m
0

Bend Angle (15 GeV) 65 mr (3075 )

Gap Height 30 mm

Clear Aperture :l: 1205 mm (vert.), :l: 25 mm (horiz.)

Ampere-turns 32,000 A-t, dc

Power 12 kW

Weight 2700 kg

Number Required 30

Comment: Each magnet will have auxiliary windings for providing up to

0065 mr horizontal steering 0
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(4) Quadrupoles (28Q1 to 28Q23, 30Q1 to 30Q23)

Maximum Gradient 3.0 kG/cm

Effective Length 004 m

Inscribed Radius 30 mm

Clear Aperture 250 0 mm radius

Ampere-turns/pole 12,000 A-t, dc

Power 7 .9 kW, max.

Weight 225 kg

Number Required 46

Comment: Each quadrupole will have auxiliary windings for providing up

to 004 mr horizontal and vertical steering.
.~

(5) Vertical Bend Magnets (28B17, 30B17)

Maximum Field 7. 3 kG

Effective Length

Bend Angle

Gap Height

Clear Aperture

Ampere-turns

Power

Weight

Number Required

3.0 m
a

44 mr (2. 5 )

45 mm

:I:20 mm (horiz.),

28,000 A-t, dc

10 kW

2250 kg

2

:I:35 mm (verL)

(6) Injection Iron-Septum M~ets (28B18, 30B18)

Maximum Field 703 kG

Effective Length

. Bend Angle (15 Ge V)

Gap Height

Clear Aperture

Ampere -turns

Power

Weight

Number Required

3.0 m
0

44 mr (2. 5 )

35 mm

:I:1205 mm (horiz.),

21,500 A-t, de

8.2 kW

2250 kg

2

:I:25 mm (vert.)
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(7) Pulsed Kicker Magnets (28PMl to 28PM3, 30PMl to 30PM3)

Maximum Field -- O.6 kG

Effective Length 1. 0 m (PMl and 3), 200m (PM2)

Clear Aperture, Vert. --:I: 40 mm.,

Clear Aperture, Horiz.

Wave Form

Peak Voltag~

Peak Current

-- :I:40 to :I:80 mm

Half-sinusoid, damped, 3 J.ls long

Repetition Rate

Number Required

12 to 19 kV

10 to 15 kA

360 Hz

6

(8) D. C. Bump Ma~ets (28Al to 28A4, 30Al to 30A4)

Maximum Field 4.7 kG

Effective Length

Gap Height

0.5 m

140 mm

Clear Aperture,

Clear Aperture,

Ampere -turns

Maximum Power

Vert. :I:25 to :I:40 mm

:I:50 to :I:80 mmHoriz.

Weight

Number Required

23 to 50 kA-t

2 to 5 kW

-- 225 kg

8

(9) Instrumentation

The injection line instrumentation components to measure and/or to define

the beam intensity, emittance, size, position and energy spectrum are indicated

by symbols in Fig. 45. In general, the design of this equipment follows that al-

ready being used in the various beam transport lines at the -SLAC-SPEAR com-

plex. A listing of the types of instruments and the number required of each com-

ponent is as follows:

Beam Position IVlonitor

Energy Defining Slit

Energy Spectrum IVlonitor

Number Required

17

21

9

Component

Beam Intensity Monitor

Beam Profile Monitor

2

2

Ionization Monitor

Beam Stopper

11

4

Emittance Collimators 6
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(10) Vacuum

The vacuum requirements for the injection lines are modest. A pressure

of 10-3 Torr is adequate, so that relatively crude vacuum hardware and pumping

will be enough. This coarse vacuum in the injection line will be isolated from

the high vacua in the SLAC linac and the PEP ring by pairs of thin foils or cold-

trap sections.

,~
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F. Data System for Monitoring and Control

1. Introduction

The PEP storage ring system physically covers too wide an area for a single

data-collection point to be practical. We will, therefore, collect data at a num-

ber of places. It will be edited and compressed as much as possible and then

transmitted to the control room, located near one of the injection points, cre-

ating a short path for direct transmission of fast monitoring signals from the in-

jection lines.
.~

Data from magnet interlocks, vacuum pressure gauges, beam monitors, and

small magnet-trim power supplies will be gathered at centers in Regions 2, 4,

6, 8, 10, and 12. In Regions 4, 8, and 12, the data center will also be adjacent

to the RF system reducing the amount of control cabling. The bend-magnet power

supplies are also in these same areas. This consolidation not only makes for ef-

ficient utilization of installed equipment, but also simplifies providing of the re-

quired utilities such as LCW and ac power. The surface buildings at Regions

8 and 10 will also house the power supplies and controls for the injection beam

transport lines.

Signals generated within the bending arcs will, for the most part, be wired

only to instrumentation racks in the nearest data center to further reduce the

amount of cabling. Inter lock signals will be summarized there and wired directly

to the equipment they must control. The remaining signals will be edited by a

small local computer and sent by serial link to the control room. The computer

in the data-collection ar(~a will have provision for graphic displays, eliminating

the need for extensive alarm and annunciator panels.

20 Control System

The control system will depend heavily upon several small computers. Four-

teen of these will be connected by links to the Central Control Computer. These
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small computers will be "real time" units, while the larger Central Control Com- \

puter will interface with the outside world. A link to the SLAC IBM Triplex com-

puter system can supplement this computer. At each small computer a small

control console will aid in checkout and maintenance of the equipment associated

with that computer.

3. Timing

Much of the instrumentation will require timing signals at the circulation fre-

quency of the ring for gating of beam monitors and feedback systems, for injection,

for displays in the control room, and for experimenters. T~e timing system will

divide the 353 MHz radio frequency to the 136 kHz revolution frequency and dis-

f

tribute a reference signal to each data area. Timing repeaters will then provide

separate channels with individual delays for each instrument.

4. Magnet and Guidance Controls

The controllers for magnet power supplies will be standardized as much as

possible, and will include a digital-to-analog converter attached to each power

supply regulator. All of the converters are to be of the same design and the mag-

net power supply regulators will be designed to accept signals in the same voltage

range, e.g., 0 - 10 V. Each power supply will have an individual controller. The

ganging, of controls for magnets which have identical currents, but which are physi-

cally too far apart to be in series, will be accomplished in the computer system

software.

The high-voltage supplies for the electrostatic guidance plates will be re-

motely controlled, the controllers being similar to those of the magnet power

supplies.

5. RF System Control

The RF system will be largely self-contained; for example, it will have the
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internal logic for phasing on command. The control system will provide for

operator's instructions for phasing and control of RF voltage amplitude, and it

will monitor the general health of the RF system components.

6. Interlocks and Miscellaneous

All interlocks will be hard-wired to cross-connect racks located at each

data -gathering center using relay logic wherever possible. IT semi -conductor
, .

logic proves to be preferable, it will be designed to be at least twofold redundant

and self -checking. The relay logic will be redundant with checking capabilities
.~

incorporated where personnel protection is involved.

Analog and status signals for vacuum gauges, pumps, vacuum-valve position,

trim -magnet current and thermocouple signals will be read into the computer sys-

tern at each data-gathering location and will also be available at each data-gathering

point as an aid in maintenance of equipment when the local computer is down.

All the vacuum valves will be controlled by a hard-wire system. The fast

valves will be controlled via vacuum gauges. The permissive signal to open the

vacuum valves will be under the control of the control room operators via a hard-

wire system.

For personnel protection, a system of gates and monitors to control access

to the arcs and to the interaction areas will prevent the injection or circulation

of beam if any area can be occupied.

7. Beam Monitoring

The synchrotron light monitor consists of optics and sensors to generate a

TV image of the beam and provide beam-profile and bunch-length information.

The light emitted from the two counter-rotating beams will be collected sepa-

ratelyand photodiodes will be used to measure the current in each beam inde-

pendently. These sensors will be calibrated from a single toroidal de
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transformer capable of measuring the total current (e+ + e -) in the ring to an

accuracy of O. 1 mA. (Calibration is done with a single beam in the ring.)

The beam-position monitoring system is similar in design to that of SPEAR. 32

It measures the position of the beam in the ring at approximately 80 points. Each

monitor consists of four buttons in the vacu~m system which couple capacitively

to the beam. Comparing the amplitudes of the signals produced by the buttons

generates the beam position information.

Two luminosity monitors, one a small-angle, high-rate system a:Gdthe other

a large-angle (100 - 200), low-rate system will be provided.

~

Fast strip-line monitors for the stored beam and injection beam monitors

will also be provided.
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G. Beam Parameters

For the sake of concreteness and to avoid confusion in this section, we

choose two specific modes of operation of PEP from among those described in

Chapter II. A: one for operation at beam energies from 15 GeV down and one for

operation at higher energies. The modes chosen are those we consider most

likely to be used.

For energies of 15 GeV and lower, we choose to control beam size by means

of the wiggler magnets and to use at all energies the same" standard" lattice con-

figuration (Table Ill). Figure 49 displays the characteristic functions of the stand- $

ard configuration.

For energies above 15 GeV, we choose the method of variation of tune for the

control of beam size.

The horizontal beam emittance in both regimes is shown in Fig. 50. The

betatron-oscillation damping time T and its reduction by the wiggler magnets are
{3

shown in Fig. 51. (Since the PEP lattice is a separated-function lattice, both the

vertical and the horizontal damping times are the same and the longitudinal damp-

ing time is one-half of Tf3o) Figure 52 gives the design beam current as limited

by the beam -beam limit and, above 15 GeV, by the total installed RF power. The

currents ,abqve 15 Ge V depend very much on the momentum compaction factor and

therefore on the beam -dynamic s configurations. The lattice parameters corre-

sponding to Fig. 52 were scaled from the 15-GeV configuration and the actual

configurations used may be somewhat different due to various matching requirements.

Some of the RF parameters are given in Fig. 53 - 56. Included in the calcula-

tion of RF and RF-related parameters are the higher-order-mode losses in the cav-

ities and the vacuum chamber, as explained in Section II.C.8. We take the bunch-

lengthening factor to be 2 and assume that the vacuum chamber meets the criterion
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of being a factor of 10 better with respect to higher-order-mode losses per unit

length than the SPEAR chamber.

In the operation of the RF system, there are three principal energy regimes

with differing limiting conditions. See Figo 530

In the highest regime, above 15 Ge V, the storable beam current is limited

solely by the available RF power. The peak voltage required to maintain ade-

quate quantum lifetime (50 hours) rises rapidly and, with it, the power deposited

in the cavity walls, with the result that the power available to the beam drops off

with rising energy 0 With the power rising and the voltage -per-turn demand rising,

the storable current falls dramatically 0 This fact is reflected in Fig. 520

In the intermediate regime just below 15 Ge V, the storable current is limited

by the aperture and the beam-beam limit. As the energy is reduced, less and

less RF power is required by the beam so that more is made available for cavity

losseso

In the lowest energy regime, below about 14 GeV, the dominating consider-

ation is maintaining the energy aperture at :I::1% for good injection rate.

The energy spread ((JE/EO) in the beam stays constant up to 15 Ge V and in-

creases above 15 Ge V0 See Fig 0 54. A bunch -lengthening factor of 2 is assumed

in calculating the bunch length (J 0 This factor of 2 is a guess at the real bunchz

lengthening with energy and current based on a rough extrapolation from SPEARo

The synchrotron oscillation tune and the momentum compaction factor are shown

in Figo 550 In Figo 56, the total RF power consumption by both beams and its

composition in terms of synchrotron radiation power, fundamental-mode cavity

losses and the higher-order-mode losses are shown.

Figure 57 shows the calculated total beam lifetime and several of the most

significant partial lifetimeso The total lifetime under colliding-beam conditions
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is dominated by residual-gas bremsstrahlung and beam -beam bremsstrahlung.

The former is independent of the transverse blow-up of the beams in collision.

The latter is calculable without knowledge of the details of the blow-up if the val-

ues of the stored current and the luminosity are known. By contrast, the intra-

beam scattering (Touschek Effect) lifetime is strongly dependent on the blow-up.

The Touschek partial lifetime for a single (i. e., non-colliding) beam at natural

dimensions is shown for comparison in Fig. 57; however, it is not included in the

t.otal beam lifetime calculation because it becomes negligible when the beams col-

lide and blow up. All effects other than residual-gas and beam-beam bremsstrah-

lung contrmute together less than 5% of the total lifetime.
~

The dashed line in Fig. 57 shows the improvement which could be obtained in

the residual-gas bremsstrahlung partial lifetime by adding additional vacuum hold-

ing pumps at all QF quadrupole magnets. The potentiality of adding these pumps

will be retained as design progresses as' a safeguard against unexpectedly high de-

sorption rates and a possible future improvement in average luminosity.
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In. PHYSICAL PLANT

A. General Features of the Terrain and Their Effects on Construction
Techniqu,es

1. Tunnel Design and Construction

Visualize the PEP ring in plan view as a regular hexagon with broadly

rounded corners (see Figf? 1 and 58). In this discussion, theroundedcprners

.will be referred to as arcs and the straight sides will be termed insertions.

The arcs are to consist of two curved sections, each 122 m long and joined

in the middle by a short straight section (symmetry insertion) 5.66 m long. The

six major insertions are 117 m long with the beam interaction points at their

centers~

The ring plane is horizontal and lower than the linear accelerator horizontal

plane by 10 m. It is located so that the vertical plane of the accelerator bisects

it in a west-to-east direction through two of the arcs, the westernmost being

118 m beyond the end pf the accelerator .This arrangement is chosen to allow

the two injection beams from the accelerator to be symmetrical.

Since the hexagon comprises twelve major parts, it is convenient to label

these parts as Regions 1 through 12 in analogy to a clock's face .with Region 1

the northeast arc, Region 2 the northeast insertion and so on around to Region 12

which is the northernmost insertion. Frequent reference to these regions occurs

in the material which follows.

The terrain of the site varies in elevation by as much as 30 m. It is highest

along the accelerator axis and slopes away to both the north and the south. Con-

sequently, most of the interaction regions will lie in low areas. The centerline

of the ring housing (not to be confused with the beam path) as shown in Fig. 59 is

to be at an elevation of about 66 m above mean sea level and will pass about 10 m

below the floor of the SLAC bealn switchyard.
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The prevailing low terrain suggests that the ring housing between Interaction

Points 4 and 6, and a short length west of Interaction Point 6 be constructed by

cut-and-cover methods. The ring housing in Region 1 may also be of cut-and-

cover construction. Elsewhere the ring housing will be constructed by bored

tunnel methods. The structures and facilities to be provided for research are

described in detail in Chapter IV.

Each of the two inje.ction beam transport tunnels will be joined to the linear

accelerator housing at acute angles a short distance downstream from the end of

the accelerator. They will branch away and downward, the southern run joining
.It

the PEP housing near the junction of Regions 8 and 9 and the northern run near

that of Regions ,9 and 10. The injection beams themselves will join the storage

ring tangentially and from overhead (Fig. 45). Each of the transport tunnels will

be about 112 m long. Junctions with the accelerator housing and the ring housing

will probably be made by means of large, jacked pipes totalling 45 m in length to

minimize jeopardy to existing housings and excessive interruption of regular

SLAC operation during construction. The diameter of the injection tunnels will

probably be smaller than the diameter of the ring tunnel. This fact together with

acces.s conditions suggests construction by hand-mining methods. The structures

at junctions with the ring will be of a complicated nature, providing some of the

project's most challenging underground construction problems.

The ring tunnel must'be large enough to provide space for the electron-

positron storage-ring components, cooling system piping and drainage piping,

magnet power cables, instrumentation cabling and potential future proton beam

hardware, plus suitable aisle space. Present plans call for the e+-e - beam

components to be suspended from the floor of the tunnel. In the event that a

proton ring is added later the e+-e - beam will be relocated so as to pass
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alternately above and below it, crossing in vertical planes at the interaction

points. (See Appendix A.) Provision for a possible future synchrotron radia-

tion experimental facility will also be built into the tunnel. Alternative locations

are being evaluated.

Bored tunnel sections will be constructed by soft-ground tunneling methods.

Most of the tunnel will be in loosely-consolidated and fine-grained Miocene

sandstone. There will be limited areas of uncemented sand which will require

especially sturdy initial support. Extensive core-boring and analysis around

the periphery of the ring indicates that the tunneled portion of the ring housing
.

will require shield-tunneling methods.

A minimum inside diameter of 3.35 m will be required for the bored tunnels

(Fig. 59). However, this dimension, while allowing the necessary space, would

require close alignment tolerance of the tunnel centerline; for this reason, a

larger tunnel with a more relaxed center line tolerance might prove less costly.

The finished tunnels will be concrete-lined and painted white for good working

light levels and to reduce concrete dusting. Careful concrete-mix design speci-

fication and quality control will be exercised, not only to minimize cracking due

to dimensional changes caused by unavoidable temperature differences but also to

allow for the high sulfate content of the soil and ground water.

Initial support for the tunnels may be provided by steel sets and lagging,

rock bolts and spiling, precast concrete sections or shotcrete. The ability to

resist the thrust of the shield will be an important determining factor.

In order to suspend beam components from the tunnel roof, special rein-

forcing will be built into the tunnel's room lining and suspension provisions will

be cast in.
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To avoid delaying installation and the expense and bother of in-transit ware-

housing and double-handling, parts of the ring housing will be scheduled for

early completion. We will establish three simultaneous tunnel operations, two

in the main ring and one in the beam transport tunnels. Scheduling of research-

facility construction in the interaction areas will be arranged so that the begin-

ning phase will create portal structures for tunneling. When the tunnels are

finished and the portals are no longer needed, the halls will be completed.

2. Roads

About 3.0 km of additional roads will need to be added to the present SLAC

road system. Very little heavy earthwork is entailed due to the gently rolling
"

nature of the site. Typical roads will have 20-ft traffic ways with 5-ft shoulders,

and maximum grades will be about 8%. Oil-and-rock-chip seal coats will be

used over aggregate base courses ranging between 6 and 10 inches in thickness,

varying somewhat with sub grade conditions. Permanent surfacing will be done

after construction.

3. Earthwor k and Erosion Control

Side slopes will be constructed no steeper than 2: 1 and will be flatter in

areas of prominent visibility. Where space is limited special measures will be

taken to enhance appearance. Erosion control surface treatment and early

seeding will be done to enable the results to blend into the natural landscape .

Adjacent to building areas, ground covers such as ivy, ice plant, etc'., will be

used not only for appearance but to reduce fire hazards as well. Edges of

earthwork sections will be generously rounded to blend into the natural terrain.

Any surplus materials will be used in smooth, free-form mounds for sight

screening.
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During the construction period, temporary silting ponds will be so placed

in drainage channels to prevent silt flow into Menlo Park's drainage systems to

the north and onto the flat horse-training areas to the south. Sprinkled water

will be used as required to reduce dust during construction. Topsoil will be

stripped from all areas to be regraded, saved and placed on finished surfaces

as part of the erosion control treatment. Material will be hauled from the

northern to the southern part of the ring to provide the large quantity of material

required by the shielding fills in Region 5. In so doing we will avoid unneces-

sary excavation.

4. Drainage

High-reliability pumping systems with emergency power provisions will be

used to drain the pits of the experimental areas and the lower yard of Region 2.

Other yards will be served by gravity pipe systems. Erosion control measures

will be taken at drain outlets wherever they are needed. Interceptor ditches,

usually asphalt-lined or concrete-lined, will be constructed in peripheral areas

around yards to minimize loads on the pumping systems and the storm drains.

All ditches, canals and other waterways will be so constructed as to prevent

erosion.

5. Lands caping

Throughout most of the construction area, regraded terrain will be treated

to assure an early return of the natural grass growths of the site. Around

building areas, shrubbery, trees and ground covers will be established early

with sight screening a primary consideration.

Groves of eucalyptus, Monterey pine, and other fast growing trees will be

used for large stands of sight screening. Drought-resistant plant materials will

be used for the most part; however where water is necessary to establish the

- 160 -



0 0 .1
t) ~ "'~i\:.

. 0 -,i
{i..... 9 8

plants, temporary pipe systems will be laid on the surface. Limited areas

where less drought resistant plants are used will be provided with permanent

sprinkler systems.

6. Sanitary Sewers

Sewage from Regions 12 and 2 will flow by gravity systems to SLAC's

existing metering station on the Menlo Park Sanitary District system. Regions

4, 6 and 8 will be served by piped systems connecting to an existing sewer on

University land which also leads into the Menlo Park system.

7. Surface Buildings ,
Surface buildings to house instrumentation and control equipment, RF power

equipment, toilet facilities, etc., will be located near the interaction areas.

RF facilities will be located in Regions 4, 8 and 12, and instrumentation and

control housings will be required at an interaction areas. Economical construc-

tion will be used but architecture and landscaping will conform to rural aspect

of the site. A schematic layout of the surface buildings and utility systelTIS for

each interaction region location and for the beam transport lines is shown in .

Figs. 60 to 66. The internal layout for theRF and instrumentation and control

building' for Region 8 is shown in Fig. 67.

A large vacuum system assembly building will be required at SLAC's

present shop area. It will be of steel construction, conforming to SLAC's

present architectural standards.
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B. Utilities

1. Electrical Facilities

The maximum electrical power demand for the electron-positron storage

ring and experimental apparatus is estimated at 30 MW for the maximum PEP

design energy of 18 GeV. This project power demand is based on the regional

loads of all PEP components which are compiled in Table XIV. It should be

noted, however, that PEP will ordinarily operate at various energies below

18 GeV with varying experimental loads. Therefore the average power utiliza-

tion will be considerably below the 30 MW maximum demand figure. ,
Existing SLAC Power System. - SLAC pres.ently receives power from two

sources:

(1) A 230-kV line with a line capacity of 300 MW. At present a single

stepdown main transformer is rated 50/66/83 MVA and the second-

ary is operating at 12.47 kV with grounded wye.

(2) A standby 60-kV line with a limited line capacity of 18 MW. It is

equipped with two 10. 7/15.4/18 MVA stepdown transformers, and

the secondary is also operating at 12.47 kV with grounded wye.

The 12. 47-kV systems from the above two sources are not electrically

synchronized in phase; consequently they cannot operate in parallel. Normal

operations of the SLAC system are supplied from the 230-kV source with the

tie breaker closed and the 60 kV system serving as a standby. (See schematic

in upper right corner of Fig. 68.)

PEP Primary Power Loops. Two 12. 47-kV underground feeder circuits

will be installed in duct banks around the inside of the PEP ring following the

trench for the main loop of the water system described in the next section. The

two PEP circuits will be fed from two existing Beam Switch Yard (BSY) feeder
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NOTES:

aprojects overall magnet power supply efficiency of 85% and overall rf system's efficiency of 60%.

bDipoles and insertion Quads, Q1Q2, are in series. .

cBased on 120 mm design for normal cell quads. (The potential 100 ~ bore design being studied can
provide ,..,,700kW power reduction. )

dFor operation at 15 GeV.

e Actual demand per area can be 3 x 850 kW with the total power for all areas constrained to 4350 kW.

f Assumes power from existing substations.

gPower for lights, electronics, cranes, convenience outlets. etc. 2817897
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TABLE XIV

PEP Power Requirements at 18 GeV (kW)

Total Totala

Region Location 12 2 4 6 8 10
Sector I

Demand Demand
30 by to

Components Power Supply
I

SYSTEM

1. Magnets and Buses

Main DiPOleS} b

500 500 500 I 1890 2224
Q1 and Q2 130 130 130

QI-Q2 Trim Ie

10 10 10 10 10 10 60 70
QF's and QD's 280 280 280 840 988
All other Quads 1250 1250 1470

Sextupoles 300 300 353

Wiggler (180) 0 0

Correction Elements 30 30 30 30 30 30 180 212

Injection Magnetsd 760 760 895

(Magnet SUbtotal) (950) (40) (950) (40) (2500) (40) (760) (5280) (6210)

2. Rf System 3000 3000 3000 9000 15000

3. Experimental Equipmente 850 850 850 850 850 ""'100f I 4350 5120

4. House Powerg

Tunnels 40 40 40 40 40 20f 50 270

Interaction Halls 35 35 35 35 45 10 195

SUrface Buildings 100 60 100 70 110 50f 20 520

MCR 50f 50

(HP Subtotal) (175) (135) (175) (145) (245) (80) (70) (1035) 1035

5. Mechanical Utilities

LCW Systems 400 60 400 60 420 0 150 1490 1490

Cooling Towers 1200 1200 1200

TQTAL 5375 1085 5375 1095 8215 220 980 22345 30055
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breakers. The presently used BSY circuits will be reconnected to Master Sub-

station Bus No.1 as indicated in Fig. 68. Some of the existing duct banks

(light dashed line in the figure) will be used to connect the PEP loops which are

indicated by the heavy dashed lines.

Principal Services. The PEP 12. 5-kV 11lain power loop will feed substations

at Regions 12, 2, 4, 6, and 8. The major services are summarized in

Table XIV and shown schematically in Figs. 60 to 66.

At.regions 12, 4, and 8 the 12.5-kV loop will feed the transformer pad and

the klystron power supplies adjacent to the rf building. There are six 820-kVA tit

high voltage klystron power supplies at these regions. Each supply will be fed

by three 69-kV A single-phase feeder regulators rated 13,800 volts 95 kV BIL

with taps for 13,800-12,000 volt operation. To provide the variable voltage

requirements for the RF system, these feeder voltage regulators are equipped

with 32 steps 5/8 % each to provide :f:10%voltage control. To supply all 18 klys-

tron power supplies as now planned, there will be a total of 54 such feeder

regulators installed.

The magnet power supplies, house power (including instrumentation and

control power, building and tunnel lights) and the pumps for LCW system will be

fed via the transformer pads connected to the 12.5 kV-loop at each interaction

region. A preliminary arrangement is summarized in Table XV. A portion of

the total 5120 kW (from Table XIV) experimental equipment power is supplied

within the transformer capabilities indicated (no 480-volt capability was

initially available in previous designs). It is expected that additional transformers

will be added as required for experimental apparatus and the 12. 5-kV feeders

will be capable of supplying up to 3 MVA of experimental power at each inter-

a~tion point.
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.
(1) Includes power supplies where applicable

(2) Assumes average power factor of .35.
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TABLE XV

PEP Power Requirements (18 GeV) by Area

1aximum(1) Approx. (2)
Power Line

Region Demand Requirement
Location System -( kL) KVA Area Sub-Station Transfers

12 ( Magnets 1120 I 1315 - One 1500 kVA(12.5 kV - 480 V)
and I R.F. 5000 5880 - 12.5 kV Step Regulators

Exp. Equip. 1000

1175 }

- One 1500 kVA(12.5 kV - 480 V)
4 \ House Power 175 205 One 300 kVA(480-208/120

Mech . 400 470 Two 75 kVA(480 - 120)
-" Utilities
- t

2 i r4agnets 47

55}

- One 1500 kVA(12.5 kV - 480 V)
and

\ Exp. Equip

1000 1175 One 300 kVA (480 - 208/120)

. House Power

140 165 Two 75 kVA(480-120)
6 1ech. 60 70

Utilities

r Magnets

2940 3450 - Two 2000 kVA(12.5 kV - 480 V)
8 R.F. 5000 5880 - 12.5 kV Step Regulators

l Exp. Equip. 1000

1175}

- Two 1500 kVA(12.5 - 480 V)
\ House Power 245 290 One 300 kVA(480 - 208/120)
i Mech. 1620 1900 Two 75 kVA(480 - 120)
'\ Utilities

{ Magnets

47

55}

From Existing Sub-station
10 Exp. Equipment 120 140

House Power 70 80

( Magnets 895 1050 'I - One 1500 kVA(12.5 - 480 V)I

70 80 t Two 100 kVA (480-208/120)Sector

L House Power
30 1ech. 150 175 (

Utilities I
!
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Within the scope of the electrical utility system, the following miscellan-

eous services are included:

- Temporary construction power

- Emergency lighting in the tunnels and major buildings

- Area lighting at each ring entrance and interaction area

- Emergency power for sump pump and vacuum pumps during.

electrical outage periods

- Fire-alarm detectors for the support buildings where instruments,

computer s, and power supplies are housed
f

- 480 volt motor control centers for LCW pump motors and tunnel

exhaust fan motors.

2. Cooling Water Systems and Piped Utilities

The PEP requirements for general mechanical conventional facilities

design, construction and installation are outlined briefly below.

Heat Rejection to Coolin~ Water. Approximately 83% of the electrical input

to the storage ring and interaction area detectors will be rejected to cooling

water. Machine components will be cooled by closed-loop LCW systems which

will in turn reject heat to cooling tower water systems. Heat loads will be as

follows:

Load
MW Heat to

Cooling Water

1)

2)

Magnets and Power Supplies 5.5

RF Power, Vacuum Chambers 14.0

3)

4)

Interaction Area Detectors and Power Supplies 4.3

House Power and Mechanical Utilities 2.0

Total 25.8

- 175 -
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Primary Utility Loops. Buildings and tunnels will be served by a number

of underground piped utilities. These lines will be looped and located within the

ring circumference so that the outer edge of the piping is at least 20 m from the

center line of the tunneL Primary connections to these pipe loops will be

extended to or from the existing SLAC underground piped utility system. A

diagram of the main loop is shown in Fig. 69'.

Cooling Tower System. The SLAC research area is presently served by a

cooling tower with foUr cells rated at 7.5 MW each. Projected SLAC research

loads indicate that Cells No.1 and No.2 must remain committed to the SLAC
f\

research yard. Cell No.3 will be reconnected to provide cooling tower water

(CTW) for PEP. Cell No.4 must be kept in service for present purposes, but

is lightly loaded. Accelerator Cooling Tower No. 1202 located at Sector 23

can accommodate the PEP injection magnet system load and the Central Shop

cooling tower can handle the house power load for auxiliary PEP buildings. The

main PEP CTW loop capacity will be 24 MW. Two new PEP cooling tower cells

rated at 7.5 MW each will be installed and a new CTW pump basin will be added

wi th three pumps.

RFCavity and Vacuum Chamber LCW Cooling Systems. The RF cavities and

vacuum chambers are of aluminum and must be baked out. For economical

considerations, heated water at 4580K and 18 atm pressure should be used. A

single portable heater will be used to heat the LCW at the mechanical utility pad

at Interaction Regions 4, 8, and 12. The design input to the RF cavities is 9 MW

and a maximum of 5. 3 MW will be absorbed by stored beams and deposited in the

vacuum cooling system via synchrotron radiation; therefore, heat rejection at

the cavities will vary from 3.7 MW to about 8.0 MW depending on beam energy.
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Synchrotron radiation with a maximum heat flux of 1. 06 MW1m2 is deposited

into and through the aluminum dividing wall between the vacuum wall and LCW

cooling passages in the chamber. Since organic materials can plate out in alu-

minum LCW passages, theRF and vacuum chamber LCW distribution systems

will be of stainless steel except for the aluminum vacuum chambers and masks.

Klystron galleries will be located at Regions 12, 4 and 8 around the ring.

Cooling water for the RF cavities and vacuum chambers will be supplied from

pumps and heat exchangers located near theRFhousing as shown in Figs. 60, 62,

and 64. The arrangement of the RFcavity and vacuum LCW cooling systems is .~

shown in more detail in PEP Note 133.

Klystron and Rinf]; Maf];net LCW Coolinf]; Systems. Klystron LCW cooling

passages are of copper, ring bending magnet water-cooled coils are of aluminum

and ring quadrupole water-cooled coils are of copper or aluminum. Most LCW

piping will be of thinwall stainless steel.

Each klystron, during normal operation and assuming 66% efficiency, will

reject 256 kW to LCW and generate 500 kW of RF power output. With no RF

power output, all input to a klystron will be reII}oved by its LCW system.

The required LCW supply pressure to main bending magnets and all other

LCW-cool~d ~n-ring magnets is 15 atm. The design load for in-ring magnets is

4500 kW and the maximum desirable LCW temperature rise is 20oK. The

arrangements of these cooling systems are indicated in PEP Note 133.

Injection Maf];net LCW Cooling Systems. The principal injection tunnel

equipment to be cooled is the bending magnets, for which the anticipated heat

load is 760 kW, and the LCW cooling system design parameters. are similar to

those for the ring bending magnets. LCW,supply pressure will be 18 atm and

temperature rise will be 20oK. One cooling system will be used and the heat

exchanger and pump will be located at Sector 30 of the linac.
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Interaction Area Detector LCW Cooling Systems" There are five major

interaction area buildings; each may impose a heat load of up to 850 kW. The

system will be designed for expansion to 2500 kW when required. Optimum

detector magnet design requires high LCW friction heat losses and optimum

detector design requires spacial stability so that the LCW supply temperature

can be controlled. Initially, one LCW system will be installed at Regions 12, 2,

4, 6 and 8. Pressure will be 25 atm and temperature rise through detector

magnet coils will be held to 20oK.

Underground Piped Utilities. All underground piped utilities except CTW i

supply and return loops are extended from existing SLAC systems. CTW supply

and return loop pipes will be 10 atm pressure class 150 asbestos cement. A

LCW makeup pipe loop will run from the existing SLAC-research-area LCW

storage-tank system with a distribution pressure of 7 atm. Domestic water,

distributed throughout SLAC at 5 -6 atm pressure, is used for fire protection

and other domestic purposes. It will be run through 10 atm-pressure rated

asbestos cement piping under gTade around the inside of the PEP ring tunnel.

A medium-pressure nitrogen gas loop will be provided with valved branch

lines extending to various PEP loads. The nitrogen loop will be run in the PEP

ring tunnels and will be used primarily for operating the pneumatically actuated

fast valves of the vacuum system.

The existing SLAC compressed air system distributes clean, dry compressed

air at 7 atm pressure. The compressed air loop for PEP will be run through

asbestos cement pipe and will be extended to all LCW cooling systems, the PEP

cooling tower and all PEP buildings for use in control systems and for other

purposes.
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A natural gas loop made of two-inch wrapped all-welded steel, extended to

the LCW heater stations and to each of the five interaction buildings will be

provided.

3. Fire Protection Systems

All areas are class ified as Ordinary Hazard, Group I. The sprinkler sys....

tems are designed for a c~verage of O.15 gpm/ sq ft. The ring is to be divided

into twelve zones, each zone with its separate water supply. Six of these zones

will supply water to the center of the curved sections of the. tunnel. The re-

maining six will supply water to the interaction areas. ~

The tunnel sections will be protected by dry-pipe, air-supervised, fusible-

link head pre-action sprinkler systems. Ionization type smoke detectors will

both alarm and actuate the supply valves to the systems and a manual override

will prevent actuation of the supply valves if desir~d during working hours.

Because of the height of the interaction areas, these will be protected by

open head, deluge systems. Both ionization-type smoke detectors and rate-of-

rise heat detectors will be used. The smoke detectors will alarm only. The

smoke detectors and the heat detectors are interlocked so that signals from both

will be required to actuate the deluge valves. A manual override is also provided

for these systems.

Surface buildings will be protected by dry-pipe, air-supervised, fusible

-link head pre-action sprinkler systems. Both ionization-type smoke detectors

and rate-of-rise/fixed-temperature detectors will be used. The smoke detectors

will alarm only. Signals from both the smoke detectors and the heat detectors

will be required to actuate the supply valves.

Fire hydrants capable of delivering 1500 gpm at 20 psi residual pressure

will be installed on either side of the interaction areas.
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The source of the water for fire protection will be" the 10 ino diameter'

cement-asbestos domestic water pipe which will be installed circumferentially

inner-annular to the ringo Domestic services will be connected on the water-

main side of the automatic fire protection supply valves.

4. Ventilation

Each curved section of the tunnel will have an exhaust fan located at the

midpoint in the ceiling. These fans will provide five air changes per hour and

maintain a slightly negative pressure within the tunnel. The aj.r velocity in the

tunnel will be very low. In accordance with the recommendations of fire pro-
~

tection engineers, these systems will be maintained in the "on" position during

fires to remove smoke, thus assisting fire fighters and minimizing smoke dam-

age to equipment. The air intakes at each end of the curved sections will be

provided with smoke detectors which will shut off the fans and close the exhaust

duct in order to prevent the drawing of smoke into the tunnels from fires on the

outside.

The interaction areas will be provided with both supply and exhaust fans

maintaining a slightly positive pressure in the area. The exhaust fans will

draw from floor levels in order to remove any heavier-than-air gases which

may be used in experiments. Local space heating will be provided as needed.

The surface building will be provided with ventilation and/or space heating

depending upon the character of the equipment contained within the building.
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C. Shielding Requirements and Provisions

1. Introduction

As was emphasized in Section I, it has been one of the design goals to

anticipate the future addition of a proton ring; consequently, the shielding pro-

visions discussed here are aimed at the requirements which will obtain when

the proton ring is installed. These requirements are many times more severe

than would be necessary for the electron ring alone.

The shielding design of the proton storage ring will be predicated upon the

maintenance of a minimum of external radiation levels for all operating condi-
,I

tions. Levels will be below:

(a) 5 millirem per year at any point on the SLAC boundary;

(b) 1. 5 rem per year at any point outside the facility shielding;

(c) less than 1 millirem at any point on the SLAC boundary for

any single maximum credible accident, i. e., losing the

entire beam at the worst point.

The thickness of radiation shielding, the amount of radioactivity induced in

accelerator components and surrounding structures and the degree of radiation

damage to components and materials depends, to a first approximation, upon

the product of energy and intensity of beam losses. The possible sources of

beam loss are:

(a) Injection, acceleration and transition losses;

(b) Gas scattering;

(c) Beam instabilities;

(d) Beam scrapers;

(e) Dumping (controlled and accidental).
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At the present time, it is possible to give only speculative estimates of the

magnitudes of these losses for the proton ring. Somewhat conservative estimates

of beam loss are therefore used in this report.

The quality of the stored proton beam will slowly deteriorate with time and

it will be necessary to refill the ring at regular intervals. It will be refilled

when the luminosity falls significantly, perhaps by a factor of two. It should be

noted that a reduction in luminosity need not necessarily result from a corre;..

sponding loss of protons from the stored beam, therefore when the ring is to be

refilled, the remaining stored beam will be decelerated to an energy of 20 GeV
~

and extracted from the ring into a dump.

The three dominant loss mechanisms are the losses on scrapers, controlled

dumping losses and accidental losses . Beam scrapers and dumps will be sited

in regions of large overburdens. In other regions, accidental dumping will

determine the shielding requirements. Experience at the CERN ISR would indi-

cate that the accidental loss of the entire stored beam will be a rare occurrence.

2. Shielding for Curved Sections

The overhead shielding requirement is determined by the hadron cascade

generated in the shield by escaping protons. The minimum overburden planned

for the ring tunnel is 5.5 m of earth each (1100 gm cm -2). Calculations based

upon extrapolations from experience at the CERN PS show that this overburden

plus the added shielding provided by the magnets will permit 50 high-energy

dumps at full intensity (3.6 X 1013 protons) without exceeding the radiation limit

of 1. 5 rem per year at the shield surface. The corresponding dose equivalent

at the site boundary, assumed 100 meters distance, would be 1 millirem.

Muons, produced by the decay of pions and kaons in flight, will be strongly

peaked in the forward direction and are not a problem in the vertical plane. It
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is possible, however, that they will penetrate the shielding in the horizontal

plane at curved sections of the tunnel. For electrons and positrons, the maxi-

mum muon energy that may be produced is 18 GeV. In this case, any muons

will always be stopped by the combined shielding effects of magnet steel and

earth around PEP. In the proton ring, the maximum muon energy would be

200 GeV. In that case, they have sufficient energy to penetrate the lateral

shielding in the area of Regions 4 through 7 on the south side of the storage ring.

Preliminary estimates indicate that less than 5 millirem would be produced at

the site boundary by ten full-intensity beam dumps at the single most sensitive

location.
!11!

3. Shielding for Experimental Areas

At such time as a proton beam may be introduced into the ring it will be

necessary to construct heavier roofs on the halls, adequate to support weight

equal to 4 m of earth. This will result in higher, thicker banks at the walls as

well as shielding the roof and side walls. Additional personnel protection will be

afforded by fencing around roof areas to prevent access when the ring is operating.

The alcoves at the sides of the experimental halls will be covered with earth

shielding in depths adequate for an eventual proton beam operation. This will cause

lllost of the areas adjacent to the walls of the halls to be well shielded. Since

the housings must be designed to support the anti cipated eventual full height of

shielding, and since the earth excavated from the tunnel has to be disposed of

anyway, there is no extra cost in providing this level of shielding during the

initial construction of the electron-positron storage ring.

Portable shielding blocks are expected to be made available from the

supplies of the two laboratories.
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IV. EXPERIMENTAL AREAS

A. Introduction

The design of the PEP experimental areas reflects the breadth of the

expected physics program, the close interaction of experiments and accelerator

operations, the diverse topographical features of the site and the determination to

build the areas as economically as possible., SOlutions of design problems in

these areas have involved the work of many physicists and engineers from SLAC and

LBL and, through the 1974 and 1975 PEP Summer Studies, of a broad segment of

the high-energ~physics community. The entire community is kept informed of
.~

. design developments through the quarterly PEP NEWS, since the widest exposure

and discussion will help to ensure that the areas are to be responsive to pro-

spective users' needs.

B. Characteristics of the PEP Detectors

Crucial to the design of the areas is the wide range of sizes and differing

requirements of possible PEP detectors. The most intensive thinking about the

detectors thus far took place during the 1974 and 1975 PEP Summer Studies. In

each Summer Study, some 60 physicists from U. S. and foreign laboratories and

universities worked closely together for a period of four weeks developing

detector ideas for e+-e - collisions. Divided into various working groups they

developed detectors for the following purposes:

(a) QED experiments

(b) Total-cross-section measurements

(c) Combined charged and neutral hadron detection

(d) High-resolution neutral detection

(e) Large-momentum hadrons with particle identification
..

- 185 -

(J ('i tJ U )' }. "',.,



(f) Weak-interaction experill1ents with and without .polarization

measurements in the final state

(g) Searches for new particles

(h) Production and observation with polarized beams

(i) e+-e - tagging and observation of two-photon processes.

Table XVI summarizes the main physical characteristics and requirements

of 20 detectors developed during the 1974 Summer Study while Table xvn SUID-

marizes the requirements of twelve experimental setups designed during the 1975

Summer Study. Figure 70 displays the same information graphically.
{i

The proposed detectors .are larger than the present SPEAR detectors, the

average length being approximately 11 m and the average width approximately

7 m. Power requirements are modest because many detectors use solid

iron magnets or superconducting magnets or no magnets at all. Average floor

loadings are not excessive, being approximately 10 tons/m 2. The electronic

requirements are typical of large detector systems with hundreds of counters

and thousands of wires. While these average properties are useful in getting a

sense of scale, the design of the areas must accommodate nearly the whole range

of sizes and requirements of all these detector systems.

C. Design Requirements for the Experimental Areas

The design requirell1ents have evolved through the work of the SLAC-LBL

Experin1ental Areas Committees and, most importantly, through the work of the

1974 PEP Summer Study Experimental Areas Group. Briefly stated, the require-

ments are the following:

(a) S0111e space (10 to 20 m) transverse to the beam line is needed for setup

and repair or modification of expeI'iments. Removal .of experiments from the

bean1 line should take a short time, and operation of the 111achine should be
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TABLE XVI

Summary of Experimental Requirements for the
1974 Summer Study Detectors from PEP Note 177

EXPT. EQUIP. WEIGHT CRANE POWER CABLES
GROUP TON CAPACITY MW

:!:L :tW :tV Counters MWPC COMMENTS

Strange ParticJes 5 2 2 200 0 .5 200 5103 1) sic beampipe
(YAMIN)

2) reversee+e-
All Neutral 5 2-5 2-5 200 100 .2 1200 ?
(DAKIN)

Neutral & Charged 6 3-5 3-5 190 15 .5 103 104 sic magnet
(GALTIERI)

New Particles 2-5 5 3 80 20 .1 100 103
Non-mag.
(CHENG)

New Particles 5 2 2 40 20 1 200 2xl04 sic beampipe
Split Field
(NAUENBERG/LIMON) t

New Particles 4 4 4 250 40 1
lJ-eDetector
(BERLEY)

New Particles 2-5 2 2 120 20 1 103 2xl03
Mini Mag.
(LITKE)

New Particles 3 3 3 35 10 .1 800 100
Calorimeter

(ROSEN)

High Mom. 6 5 5 300 40 1 600 5xl04 possiblerails for
(CRONIN) side motion

Low Mom. 5-10 3 3 100 20 1 500 104 sic magnets
(PEREZ)

StreamerChamber 7-5 2 4 100 20 1 150 103
(MEYER)

0 Total 6 4 4 100 20 .5 300 2xl04 1) sic mag.
Time Projection

2) luminosityChamber
(NYGREN) monitor

0 Total 3 3 3 350 20 0 450 500 Vac < 10-9
411Calorimeter
(FELDMAN/HITLIN)

a Total 6 2 2 10 0 0 200 3xl04 1) good vac
"Magic,Angle" 2) tagging system
(LYNCH/SCHWITTERS)

e+e--+ \l+lJ- 2-5 2 2 70 20 .2 20 100 1) pol monitor
(WANDERER) 2) luminositymono
+ - -+lJlJ/ee 5 2-5 2-5 150 7 .1 200 3xl03 1) pol monitore e

(YELLIN) 2) luminositymono
+ - + -

4 2 2 615 40 .1 200 4xl03 1) luminositymonoe e -+ lJ lJ
(BUCHHOLZ/STRAUCH) 2) rails forassy.
+ - + -

8 8 8 13000 30 0 300 105e e -+ lJ lJ
Uranium Ball (3)
(WENZEL)

e+e- -+ lJ+lJ- 4.5-10 4.5 4.5 3000 40 .5 300 104
Iron Tear Drop (3)
(STEVENSON)

2y Tagging 10 2 2 20 5 .3 400 103 collimator before
(BARBIELLINI) Q2 radius 7 cm

2817895
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The (9 symbol in the detector column shows what apparatus can be added to the basic detector.

Lengths appearing in parentheses are for the two-photon tag which can be used in conjunction ..

with several detectors.

TABLExvn

Summary of Experimental Hequirements for the 1'975Summer Study Detectors
from PEP Note 205

-- continued --
- 188-
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DRIFT
CABLES

No. DETECTOR PHOTOTUBES
MWPC CHAMBER

WIRES
I

CHANNELS
-

!
Si g. i HV

-- -

1 Parasitic 2Y Tagging 1000 14000 1000 1000

2 General User Magnet 20
(GUM)

-- 3200 50 50

3 Two-Photon Experiment 300 4000
(tD GUM)

5000 500 500

4 Neutral Detector 20
((9 GUM,m 2Y tagging)

-- 600 50 50

5 Crystal Ball with Calorimeter 1000
((9 2y tagging)

-- 1500 1000 1000

6 High MomentumI 400
(High-Field Magnet similar to GUM)

1000 3000 800 400

7 High MomentumII 600
(Low-Field Magnet)

500 5000 600 600

8 General Detector 300 1000
(£92y tagging)

-- 300 300- 5000

9 Streamer Chamber 200 50 m2
(fa 2Y tagging) delay line

2000 200 200

10 NewParticle Search 340 250
((9 2y tagging)

2800 400 400

11 Iron Ball
including Longitudinal Polarizer

150 -- 1000 300 200

12 Split Iron Ball 200
including Longitudinal Polarizer

-- 6000 400 200

..
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S I ZE/\E I GHT

SIZE OF EQUIPMENT WEIGHT SIZE OF
LARGESTPIECE MAGNET

No. (m) (tons) (m)

:tL :tW :tH Total Largest L W H Pwr Field Vol.
Piece (MJ) (kG) (m3)

1 9.7 1 1 < 1 < 1 1 1 1 -- -- --

2 5.6 4 4 400 30 4 2 2 sic 15 25

3 . 9.7 4 4 700 30 4.6 2 0.2 1.7 4.5 13

4 5.6 4 4 200 2 4 3 2 -- -- --

5 3.5 3.5 3.5 630 30 2.5 4 0.3
(9.7)

-- -- --

6 6 4 4 750 30 4 1 0.3 sic 20 25
-

7 6 3.6 3.6 350 30 4.5 6 6 sic 3 240

8 4.7 4 4 300 10 4 2.3 2.3 sic 15 12
(9.7)

9 4.5 3.5 3.5 1500 30 1 5 5 sic 15 55
(9.7)

10 3.5 2 2 430 20 0.6 1 1 sic 20 3
(9.7)

11 9.7 2.2 2.2 150 80 3.8 4.4 2.2 0.15 18 30
(15)

12 9.7 3 3 630 30 9.4 3, 0.5 0.2 18 80
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TABLE xvn (conto)
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SERVICES

SPECIALGASES REFRIGERATION COUNTINGROOMS MONITORS
(r.l2)

No.

Gas Vol. P T Power Mass Close Far Lum. Pol. yy
(m3) (atm) (-OK) (w) (tons) Tag.

1 -- -- -- -- -- -- 10 10 X , X

2 -- -- -- 4 50 2 '20 200 I X I

3 4 30 0.1 10 50 X I X-- -- --
Flux Excluder

4 -- -- -- 78 ? 200 10 100 I I I

5 -- -- -- 78 ? 100 10 100 I '; I
,

6 Pentane 11 6 4 ? ? 10 100 X X X.
Propane 75 1

7 Isobutane 2 4 4 ? 24 10 100 X I X "

Pentane 19 1

8 Freon 8 4 4 200 ? 10 100 I I .;12

9 -- -- -- 4 ? ? 10 100 .; X .;

10 4 100 2.5
10 100 X X .;-- -- --

78 ? 24

.. ,11 -- -- -- -- -- -- 20 80 '; X

12 -- -- -- -- -- -- 15 100 X .; X
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Fig. 70--PEP detectors from the 1974 and 1975.SuInmer Studies.
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able to continue while work proceeds on the detector in the area adjacent to the

beam.

(b) The experimental halls should extend the whole length between quadru-

poles (20 m) and should have uniform elevation so as not to hinder the movement

of detectors within them. Experimental setups could then be assembled under

the area crane and simply be placed in position using rollers or other transporting

devices.

(c) Close access to operating experiments is essential as a matter of both

economics and efficiency. To allow experimenters to work close to their oper-
.~

ating detectors, the areas Will have to be shielded with portable shielding blocks

adjacent to the detector. About 1 m of concrete is enough to shield the stored

beams. Electronics and controls located within a few meters of the detector

would help to minimize the cost of experiments.

(d) Access from both sides of the beam is desirable in at least some areas.

Two experiments could profitably use the beam either alternately, if their energy

requirements are different, or simultaneously, if the machine is operating at one

energy long enough to satisfy the needs of both experiments.

(e) The depth below the beam line should be 4 m. This would accommodate

most of the experiments, but one area should be made deeper (approximately 6 m)

to allow for potentially large-diameter detectors.

(f) Extension alcoves in the future proton direction should be provided in

those areas which, for e+e- expertments, do not in their design already favor the

proton direction.

Beyond these requirements, the areas must comply with radiation and fi.re

safety requirements and have the available power, cooling capacity and other

utilities necessary for experimental operation.
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D. Description of the Experimental Areas

Using the clockwise numbering of regions explained in Section III. A and

shown in Fig. 58, we show an elevation cut along the ring in Fig. 71. The

topographical variation is an advantage for the varied. experimental progra111 we

are considering. Each area has strengths and limitations, and together they

fit both the land and the varied needs of the program. The basic parameters of

the experimental areas are shown in Table xvm. However, it should be men-

tioned that the requirement for the crane hook height above the beam line is

still being optimized to get the best balance between maximum crane accessibility .~

and allowable cost. Since the land topology favors the clockwise (CW) direction

for the future proton beam, alcoves in the CW direction have been included in

Areas 12, 2 and 8. They are 20 m long, 7 m wide and 5 m high. Some e+-e-

experiments will almost certainly need alcoves in any case, and the implemen-

tation of Phase II (the 200-GeV proton ring) will require them. Including them

now will be less expensive than adding them later. Areas 4 and 6 are extended

naturally in the CW proton direction, as described further on.

Some of the special features of each area follow:

(a) Mea 12 (Figs. 72 and 73)

This area is located in moderately level terrain with the interaction point

approximately 5 m below natural ground elevation. Access to the experimental

hall is from a yard located on the outside of the ring and the hall itself is offset

laterally from the beam line. This allows the setup of very large apparatus in

the 17-m by 20-m area adjacent to the beam. A typical device, and how it might

be arranged in the area, is shown in Fig. 74. The most utilitarian means of

bringing materials into the experimental hall is through portable loading platforms

- 193 -
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Table XVTII

Specifications for Experimental Areas

Area

Specification 12 2 4 6 8 10

Length (m)

Clockwise (CW) 10 10 30 25 10 10

Counter Clockwise (CCW) 10 10 10 15 10 10

Width' (m)

Inside 7 12 5 20 10 3.5

Outside 17 12 7 20 20 3.5

Height

Maximum Crane Hook
6.0 6.0 5.0 9.0 3Clearance above beam

Beam Elevation 4 4 4 4 6 2above floor

Crane (tons) 30 30 30 No 30 No

Nearby Space for Yes Yes Yes Yes Yes NoCounting House

Alcove Yes Yes No No Yes No

Length (CW) (m) 20 20 20

Width :i: (m) 3.5 3.5 3.5

H . ht{+ (m)
3 3 3

elg - (m) 2 2 2

Power (MW)

Installed Capacitya 3 3 3 3 3 0

Distributed 1 1 1 1 1 0

Loading Access
Outside Outside Outside Both Outside Beam
(yard) (yard) (tunnel) (sides) (yard) (tunnel)

aAvailable at pad. The total for all areas is 10 MW.
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placed under crane coverage, as is also shown in Fig. 74. The area has an

alcove in the CW direction.

(b) i\.:r~::l._g(Figs. 75 and 76)

This area is also located in moderate terrain with the interaction point

approximately 6 m below the natural land elevation. The experimental hall and

yard are similar in dimensions to Area 12, except that the hall will be placed

symmetrically 12 m on each side of the beam line. This area will be useful for

several modes of operation. For example two compact detectors could alternate

position in the beam in a push-pull configuration or two experiments not needing

full solid angle coverage could run simultaneously on either side of the beam-

line. The area is also useful for one experiment needing large. transver se

dimensions on both sides of the beamline. The area is extended by an alcove in

the CW direction.

(c) Area 4 (Figs. 77 and 78)

Area 4 is on the side of a steep hill with the interaction point approximately

12 m below natural ground elevation. The experimental hall is narrow (12 m) and

long (40 m) and is positioned asymmetrically along the beamline, favoring experi-

ments needing length in the CW direction. Access is via a tunnel from an adjacent

clear area near grade level. Because the CW direction is already favored, no

alcove is included.

An alternative design for this area in being considered. It would involve

trading length for width in the hall. The length would be reduced to 20 m and the

width increased to 17 m with 12 m towards the outside of the ring.

(d) Area 6 (Figs. 79 and 80)

This area is in the lowest terrain, with the interaction point nearly at natural

ground level. Taking advantage of the low terrain and a good sandstone base, the
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proposed area consists of a very large pad (40 m by 40 m) providing great flexi-

bility. Portable cranes, light buildings, portable shielding a~d ad hoc arrange-

ments will be used to rig and service experiments. The area is offset in the CW

direction, and aCge~s is possible from both sides of the beam line. The flexi-

bility of this area makes. it especially advantageous for future development.

(e) A!"_~~ {Figs. 81 and 82)

The interaction :point in Area 8 is approximately 5 m below natural ground

level. The area iS$imilar to Area 12, Qffset laterally relative to the beam and

having an alcove in the CW direction. Its special features are the extra depth

below the beam (6 m) and the crane height above the beam line (8 m), both of

which will be needed to handle some large experimental devices.

(f) Area 10

This area is deep underground, with the interaction point approximately 20 m

below ground level, and its development will be very modest. For a length of

20 m the tunnel will be widened to about 7 m. The area will be devoted primarily

to machine physics experiments. For example, anyone who has observed the

progress in operating effectiveness in modern accelerators, particularly the

ISR and SPEAR, will appreciate the excellent profit which accur~s to all exper-

iments from the investment of machine time in storage ring- improvement studies.

Several experi;ments designed by the Summer Studies would fit in this area, but

the apparatus would have to be carried into the area in small pieces.

E. High Luminosity Option

One of the recommendations of the Experimental Areas Group of the 1974

Sunlmer Study was that three areas be developed with perhaps twice the luminosity

by reducing the length between quadrupoles to 10 m. Many experiments would fit

in this length and would benefit from the increased luminosity. The study of this
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high-luminosity option shows that such a program would incur substantial added

costs. The increased cost is due to the larger-aperture quadrupoles required,

additional power supplies and bus system and greater complexity of controls.

This remains, then, as an option which may be added to the machine in the future.
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Vo COST ESTIMATES AND SCHEDULES

A. Introduction

The estimated cost of the PEP storage-ring facility stated in 1975 dollars is

$61. 9 million. An additional (Schedule B-9) allowance of $16. 1 million is made

for labor and materials cost escalation over the four-year construction periodo

Thus, the grand total estimated cost is $7800 million.

The relatively small allowance for standard equipment reflects the fact that

PEP is being built by already existing laboratories where some standard equip-

ment will be available.

Contingencies are applied at 15% of conventional construction costs and 20%

of technical component costs. The latter rate is appropriate in view of the re-

cent and continuing experience in the construction and upgrading of the electron-

positron storage ring SPEAR.

The construction schedule shown is based on the following schedule of new

Qbligational authority increments.

FY76 Transition FY77 FY78 FY79 FY80

$ Million 2.9 0 25.0 29.9 1407 5.5

This schedule would permit beam tests to begin in May 19800

The schedule and the total cost estimate are of course related. If the

schedule is stretched out for any reason, the total cost will rise because of es-

calation and also some loss of efficiency in ED and I work.
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B. CONSTRUCTIONCOST ESTIMATE
a

($ Thousands)

ED&I

Construction: Conventional Facilities

Site Work, Structures and Buildings

Water and ac electrical

Subtotal Conventional Facilities

Construction: Technical Components

Magnets

Magnet Power Supplies

RF System

Vacuum System

Instrumentation and Control

Beam Transport System

Subtotal Technical Components

Standard Equipment

TOTAL CONSTRUCTION COSTS

Contingency for ED & I and Construction

@15% on Conventional Facilities
and @ 20% on Technical Components

TOTAL

Esc alation

GRAND TOTAL

$14,300

5,700

7,425

1,225

4,850

6,100

2,925

1,525

0

$ 8,425

$20,000

$ 24 , 050

$52,550

9 , 350

$61,900

16,100

$ 78, 000

Reference
Schedule

A

B-1

B-2

B-3

B-4

B-5

B-6

B-7

B-8

75

aCost estimate in June 1975 dollarso (Assumes $2.9M NOA for FY76 plus
transition and 4-year construction schedule. )
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C. Cost Schedules

Schedule A: ENGINEERING DESIGN AND INSPECTION

($ Thousands)

Item Cost Total Cost

Conventional Plant (Sitework, Structures,
Water, Electrical and AECM) (1604%
of Construction Cost Estimate of .

$20 , 000)

Technical Components (2104% of Construc-
tion Cost Estimate of $24,050)

TOTAL

$ 3 , 275

5 , 15 0

$ 8 ,425

Schedule B-1: SITEWORK, STRUCTURES, AND BUILDINGS

Sitework

Roads (3000 linear meters @ $ 7903/linear
meter)

Fencing (2470 linear meters
@ $260 3/linear meter)

$240

65

Drainage

Sanitary sewers
Erosion control

Landscaping

Other (temporary construction, paving, etco)

275

40

15

75

185
$895

Be am Hous ing

Main Ring Tunnels (including IR 10)* $5,880
1664 m via underground excavation $4930

323 m via cut and cover $ 950

Ring access tunne Is

Injected beam transport tunnels
(including Linac connection)

Injection junctions with Main Ring
(including connecting access tunnels)

Ring penetrations
(RF , utilities, survey ,etc. )

405

555

505

210
$ 7 , 555

*100 m of bored tunnel included in injection junctions.
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Schedule B-1 (conto) ($ Thousands)

Interaction Area Structures

Area 12*

Area 2*

Area 4*

$1,070

1,130

1,020

Area 6

Area 8*

260

1,470

Area 10 (included under beam housings)
4 , 95 0

Surface Buildings
~

Control Room Building (279 m;l.l)

Assembly Building (1393 m2)

RF and I & C Equipment Shelters
(9 structures totaling 1672 m2)

Cleaning Facility Building (149 m2)

90

320

440

50

TOT AL Schedule B-1

900

14,300

*includes cranes - 690K$ total
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Schedule B-2: WATER AND ELECTRICAL

Cooling Water Distribution System

Cooling towers and primary distribution

Ring magnets and klystrons

RF cavities and vacuum

Interaction areas

Injection and beam transport

Other systems (LCW makeup, fire protection,
natural gas, temporary utilities, etc 0 )

ac Electrical Systems

RF ac services

Water system ac services
(cooling tower and services to utility pods)

Ring magnet power supplies

Injection and beam transport power supplies

Primary power distribution.
(main loop bus and service to breakers)

House power (secondary power)
(lighting, cranes, and l-ow voltage distribution)

Miscellaneous (emergency, construction, etc.)

TOTAL Schedule B-2

Schedule B-3: MAGNETS

Bending magnets

Quadrupole magnets

Correction magnets

Busing and cooling water

Supports

Installation, magnetic measurement,

Miscellaneous
TOTAL Schedule B-3

alignment
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($ Thousands)

Item Cost Total Cost

$455

600

900

200

55

590
$2,800

660.

200

200

60

1,065

640

75
2,900

$5,700

$1,990

2,230

550

480

950

700

525

$ 7, 425
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Schedule B-4: MAGNET POWER SUPPLIES

($ Thous ands )

Item Cost Total Cost

Single-Polarity Power Supplies

Ring

BT & Inj

$375

380
755

Bipolar Power Supplies

Ring

IR

50

140
190

Installation

Ring

IR

BT & Inj

145

75

60

TOTAL Schedule B-4

280

$1, 225-

Schedule B-5: RF SYSTEM

Klystrons $1,385

Klystron power supplies 640

RF cavities 2,1.20

RF monitoring, phasing, and control 460

Waveguide 245-
$4,850

Schedule B-6: VACUUM SYSTEM

Ring vacuum

Interaction area vacuum

$2,970

2 , 58 0

Cleaning tanks and miscellaneous 550
$ 6, 100
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($ Thousands)

Item Cos t Total Cos t

INSTRUMENTATION AND CONTROL

$ 70

420

370

Schedule B-7:

Timing system

Racks, trays, cables, and frames

Interlocks, vacuum, and water

Magnets, power supplies, and electrostatic
devices

Beam monitors

Computers and console

Video system and communication

105

610

1,160

190
$2 , 925

Schedule B-8: BEAM TRANSPORT SYSTEM AND INJECTION

Magnets

Beam line instrumentation

Vacuum

Inflection components

Installation and miscellaneous

$955

195

65

160

150
$1,525

Schedule B-9: ESCALATION FACTORS

FY79 FY80FY76 Transition FY77

Inflation Assumptions
(annualized rate)

Coristruction 11%

10%

8%

8%ED&I
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D. Time Schedules

PEP CONVENTIONALFACILITIES CONSTRUCTION

I
[:..,:)

~
-::r
I

1916 1971 I 1978 1919 ,-1_ft._._._.-
FY76 TIW.S . FY77 FY 7 FY79 FY80

;<!; ffi g ! >-<;<!; ..:I g E-<> ! re>-< ..:I 5 E-< ffi g E-<:> ;<!; ffi re i S g!&1p.. CJ 0 ::> CJ CJ <.) <2;
<2; <2; ro 0 ;<!; <2; f-:> <2; ro c ;z; f-:> <>; GJ 0 ;z; f-:> <>; ;;

<100

S I TF q' CX(r-;- U; 4 ";1 ';S1s:i

- - --- -- v, j\0 (\J
'""; '(Y" Lr \0

0 M (\J cY") Lf'\
';3

0\ 0 M C\J "'"' .:j- I,", , - co 0
:;', ,S)!

'Y'j.:t'
i:;:; z' ,-:;' .--i C\J :j- lr\

I l .--i co -:T r-- co 0\ .--i .--i M .--i M M M (\J (\J I'J C: ,'J C\J C '?J _c:!. (\J ,'Y'j " ..., :j- .;;t .;;t -7 .;;t -:T
-'0 .--

ROADS - CONSTR. ACCESS. D 0 0 $ C C C ti-,..".<

ROADS - COMPLETION 0 0 0 0 -- 1 - C C- C-. - ...- ...-
(DRAINAGE- PRELIM. D D 0 $ CIC C LEGEND """- -

DRAINAGE- COMPL. i 0 D 0 0 1; C C C C $.-AWARD . -
FENCE 0 D D 1; C C C . . D-DESIGN

C-CONSTRUCTION
- -

LANDSCAPING D D D $ C C C 0 0 D D $ c C C C X-EMTH\ORK ':""--
SANITARYSEWERS 0 D D D $ C c C C j-ELEC. MECH. PT.

, <

.. - -
TEMP. CONSTR. 0 D 0 $ c C C

IJ-UNDERGROUND
CA-CI 1SSONS

EROSION CONTROL D D $ C C r j F-BUILDING FINISH - --
YARDS D D D Di $ C C C! C I CR-CRANES I ;;.,.....

J
O-BENEFICIALOCCUPANCY

.- ----
POWJ:.-R LL-H+

... ,"
i....

CONSTR.POWER D D 0 $ C C C C i i I T I I
----..... , . --
LOOPBUS D D D 0 D D $ C C C C C C C C C C 'I I ,. (.

.-
RING HOUSEPWR. D IJ U D D D $ C C C C C C C C C C C C C! C C' c CICiCjc.. c : ! I I I I-- :'1 i c:)1IRHOUSE PWR. ! D 0 D 0 [D D 0 $ C C C C C C C cle C C C C c I-.----------- .- -..---- - -.

j
-+- - t

INJ. & BM TRANS.
I i D D D D [D 0 D $ C CI C C C. C C C c i : I I

_... +- ''-'

;-1
EMERGENCYPOWER ; i Dj D D D 0 D D D $ C CI c; C1 C c! I II;."..

WATER SYSTEMAC. i D D 0 D D D 0' O! $ fC t C C C C
I !I ","

'-"' , .......
RING MAGNETS D D 0 D D 0 D D .$ c C C ,.. C C C C:, ; L

! I D D ODD 0 0 0 $ 'C C C C C C C C i
:

BE.M TII !N-bNF SYSTEM .

I --t- -
i ,----.---.- -

r E CHANT [ AI ..
i I -

TFMP UTn ]TIES D 0 0 1$ C C C C !

t. I
. h- -- - -t

CT'S. & DISTR. D D D 0 D D! D D,D D $ C C C C C C C C C C C C 0

Cl C
'0

DOMESTIC ATJ!.- D 0 D D D D D D D' 0 $ C C C C C C C C C C 01 f I
h- ---

C(lMP. AIR lOOP D D D D D D D 0 0 D $ C c C C C C C C C C C C 0 I

RING WATERSYSTEM D D D D D D, 0 D D D .$ C C C C C C C C C C C C C C C C C C
-i+

I/R COOLING D 01 0 D D $ C C C C C CI C C C C C C C C C

INJ. & 8M TRANSP.
I I

D D D D D 0 $ C C c C i C C C C C I . i

- HTG.& VENT'G. D D 0 D 0 0 $ C C c C C C C C C C C C C C C C C C C c Ice c rr
PORTABLEBAKEOUT D D 0 f $ C C

FIRE PROTECTION D D 0 D D D $ c C C C C C C C C C C C C C C C C C C C C C

NITROGEN D D D D $ c C C C C C

LCWMAKE-UP 0 D D D $ C C C C C



PEP CONVENTIONALFACILITIES CONSTRUCTION

I
tV
.......
00
I

1976 1977 1978 1979 1!1t80 --

FY76 TI .aus FY '7 FY 7 FY7c FY80
CUT& COVER ! E g i ; I I

a: 0
.. ! i g I !

a: If ...:Ig E-I> fri ! g g g &ie.. >
! a: g::

pncludes Yard

r-. i ::> (J 0 g fi ;! cI;cI; 0 cI; cI; CJJ 0 Z A cI; tr.I tr.I

xcavations in I{)Areas q ar t'j \0 U; -l C\I ... 0 .-f C\J (Y) -.:T "' \0 t- Lf'\ \0 0\ 0 .-f C\J "" -.:T Lf'\ \O
.for Access Tunne s .-f C\ ;Y " O.-f C\J rr'\ Lf'\ 'D

?3
0\ 0 rr'\..:t

I I I I ..:t u t- r:J:j 0\ .-f .-f .-f .-f .-f .-f .-f .-f C\J C\J ('J (\1 (\1 r.J C\J C\J rr'\ rr'\rY"\ rr'\ rr'\ rr'\ ..:t ..:t ..:t ..:t ..:t ..:t ..:t

RGNS 48, 5 0 0 D D D 0 D D $ X X C C C C / / I / 0

1- 2A- 12B 12 D D D D D 0 D D $ X X C C C C / / / I / 0 .
6. (includes I/R D D D D D D 0 D $ X X C C C X / / / 0 LEGEND

8A 0 D D D D D D D $ X C C C / / / 0 $-AWARO
8. 8R (includes ion)

.
nj J nc 0 D D.O 0 0 D D $ X X X X C C C I I I I / 0 O-DESIGN .

TUNNELS (Includes Pene a iOls S af s)
. C-CONSTRUCTION

RGNS 68, 7. 8A D D D 0 0 0 0 0 0 D $ U U U u / I / / / I 0
X-EARTHWORK

/-ELEC. MECH.PT.
2B. 3. 4A 0 D D 0 0 0 0 D 0 0 $ U U U U / / / / 0 U-UNOERGROUNO

q D 0 D 0 0 D D 0 D D $ U U U I / / / / 0 CA-CAISSONS
F-BUILDINGFINISH .

H) (;n,....l",j",., N Tn; J( Itn ,, :T/ 1)) 0 0 0 0 0 D D 0 0 0 $ U U U U U / / / / / 0 CR-CRANES

11 n n In n 10 10 10 0 0 0 1; U U U U l / / / I 0 O-BENEFICIALOCCUPANCY.
ACCESSTUNNELS 0 0 0 0 0 D D D D 0 $ U U U U / / / U U U U / I /

NORTHINJECTION 0 D 0 D D $ U U U U U I I / / 0

o;;nllTHI N.llOr
! 0 0 0 0 0; $' U U U U U I I I / 0

.'
nN

TNTFRArTION Rj:"hTnN :

RGN 2 : D 0 0 D 0 0 0 1 $ X X CACACACAX X $ F F F F F I I / I 0

4 i 0 0 D 0 D D 0 ! $ CACACACA $ F F F F F / I I I 0
_.

A
I ," 0 D 0 0 D 0 D $ X CACACACA X X $ F F F F F, / / / I / 0 BEI'M

12 n n n D n n 0 $ X tA CACACAX X $ F F F F F I I / / I 0 UR -O

,fJ:lANJ:",
i $ CFCR CF CRCR CR CRCR CR CR

[RIITI nTNr,S i

ASo;;FMRIY BIIUDING 0 D D $ C C C C F F 0
'

ICLEANINGBUILDING D D D D $ C C C C F 0
:rnNTl)m DnnM i D D D n 01 It C C C C! C C 0

TR- 2 RIlII DINGS ! r C C C C 0

IR - 4 BUILDINGS ' C CIC C C 0.
IR - 6 BUILDINGS

.
$ i C C C C C 0

IR - 8 BUILDINGS ! C C C C C 0 I

IR - 10 BUILDINGS ' I C C C r. 0 -..

IR - 12 BUILDINGS , C C C C C 0 i '

""UUA"''' i
JUt

SITE & STRUCTURES $ $ $ S Is $ Is $ is $ $ $

POWER S $

$ $ $ $ t



PEP TECHNICAL COMPONENTSSCHEDULE

I
t--:>
~
c.c

I

1916 1917 1978 1979 1980 _.
f Y 16 TI US fY 11 FY7 FY7S FY80

! CI g i . !
II::

i
CI E-<>. :2;

!
II:: If >< ..:I g &1E-< Fzi 63 II:: re ' g &t E-< > f,d

:2;
m II:: re

>< ci&1p..
t1J t:.) .:I: ;! <I;

t:.) g
<I;

<I; ...,
:::>.

<I; 0 ..., ..., .:I: UJ 0 Z ..., is. <I; <I; t1J ..., is. c; UJ

cr t'j u;- -;
.. --' _.

.-I (\i '" ..::t tr \C
0 .-I C\J (Y) ..::t tr\ \D r-- Ct\ 0 C\J (Y) ..::t Ir'\ \D

-
co Ct\ 0 (Y)..::t ,["\ \D

M Ct\ 0 C\J .., ..::t Ir'\ \D
r-- co Ct\ .-I .-I .-I .-I C\J C\J C\J C\J C\J C\J C\J C\J C\J '" (Y')(Y) (Y') (Y) (V"\ ..::t ..::t ..::t ..::t ..::t -"I" ..::t

Design 0 0 D D D D D D D D D D D D D D D D D D
.

Procurement P P P P P P P P P P P P P P P P P 'p P P P P P P P P C;.-
:E: Fabrication r F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F 1EGEND

Z::;)
Assf='mbly i A A A A A A A A A A A A A A A A A A A A A A A A.....(,.) A A A 0 - DESIGri ;,.:

':> Test T T T T T T T T T T T T T T T T T T T T T T T T T P - PROCUREMENT

Installation I I I I I I I I I I I I I I I F - F rER I CATIQ.N.,
A - ASSEMBLY"""',..

Checkout I Z Z Z I Z Z I Z Z Z I Z Z I Z I Z Z T - TEST

Design 0 D D D D D 0 D D D D D D D ..Q.. Y. D 0 0 D D 0 D 0 D 0 0 0 0 0 0 0 0 0 D D D 0 I - IN':'LLATn.91i
..- Z - CHECKOUT-"

Procurement P P P P P P P P P P P P P p p p p P P P P P P P P P P
z:

Fabrication F F F F F F F F F F F J:'>,
O:E: I F F F F F F F F F F F F F F F F F _1>,.;;,
1-::;)

Assembly A A A A A A A A A A A A A A A A A A A A A A A!Xu A A A
tn> T' T T

.-
z: Test T T T T T T T T T T T T T T T T T T T T T T . f.>.o'

Ins ta 11at i on 4-- _. -. I 1 I I I 1 1.1 I 1 I I I I I I .!. _1
Checkout

I Z Z Z Z Z. Z Z I I Z I"I Z I I "
; --

Des i 2!'-. D:D 0 0 D j) D D D 0 D D D D D D DID 0 . "."\

Procurement i P P P P P P P P P P P P P P P P P P P P P P P I ( I
"

.-.-.
F F I FFabrication F F F j F 'F F F F F F F F F F F F F F F

u..I-
.-2 -

IX..... Assembly A A'A A A A A A A A A A A A A A A A A A '.
<C

..- '--
u I-T --..--- i T T T T.T T T T T T T T T T T T T T T (1'-

Installation ! I I I I I I I I I I I I I I I I
... :

-- -
Checkout ! Z Z I Z I I Z I Z Z I I I Z I

Desi gn 0 0 D 0 D 0 0 D D D D D D D D D DiD D D: j
'.".

Procurement P P P P P P P P P P P P P P P P P P i BEAMTl RNON

S
-".- - --t-- - .... ---

Fabrication F F F F! F F F F F F F F F F F F F F F F F F I F F .
- At;;

--roo-'
Assembly I A' A A A A A A A A A AJA A A A A A A A' A

...J
Test T IT T !:w: T T T T T11 T T T T T T T T T T

Installation 'I I I I I I I I I I I I I I

Checkout i i Z Z Z Z Z Z Z Z Z I Z Z Z I Z Z I Ii
.-'- --t-

- -
'. Design D D D D D D ,D D D 0 D 0 D 0 0 D D D D D 0 0 D 0 i I

S Procurement - P P P P t P P P P P P P P P P P P PJ P ; P P t p p
4:0 Fabrication I F F F F F F F F F F F iF F 'F F F F F F F F F F F F F1-0::
152: Assembly A A A A A A A A A A A A A A A A A A A A A A A A Aor;=:;

:; Test T. T T T T T T T T T T T T T T T T T T T T T T
Installation I I I I I I I I I I I I I I I I t I I I

Checkout Z Z Z Z Z Z 7 Z Z Z Z Z Z Z Z Z Z Z



PEP TECHNICAL COMPONENTSSCHEDULE

I
~
~
~
I

1976 1977 . 1978 1979 19__-
. FY76 TI .s FY77 FY7 FY7S FY80

! ; i ,..:jt.:1 g ! re g Eo<
!

0:; 0:; >t g Eo<> !iii ! re>t
.

> !iii;;I!;! Ie >t
.

g!. Co)
;: ;j Co) 0 0

c:; < (J) 0 :z; (J) 0 ,.." ;j (J) 0 :z; ,.." ;:; "C tIJ

q' elf r-;- .U; ., ";1 ( ..

_. ..-
0 rv")

'jS:(\J C"" lr \C
0 C\J "" .J" LJ"' \D r- ';S '" 0 (\J C""!..:r I.t"\ \0 '" 0 rv") 1.t"\\D '" C\J U"\

r- CD a\ .-! -I M ...; I C\J (I; (\J N C\J C\J C\J
f-C\J

rv") ,,, !:' rv") rv") ..., 'V) ..:r ..:r ..:r

Desion D D D D D D D D D D D D D D D 0 D D D D D D D D .- - -
Procurement P P P P P P P P P .p P P P P P P P P P P P P P P P P

I- Fabrication I F F F F F F F F
LEGEND

SE F F F F F F F F F F F F. -
B; Assembly A A A A A A A A A A A A A A A A A A A A D -DESIGN

1X3 Test T T T T T T T T T T T T T T T T T T.T T P - PROCUREMENT

r
Installation ' F .,. FABRICATION

I I I I I I I I I I I I I I I I I A - ASSEMBLY
Checkout Z Z Z Z Z Z Z Z Z Z Z Z T - TEST

I .' INSTALLATIOI
Design D D D D D D D D D D D D D D 0 D D D D D D D D D . Z -CHECKOUT
Procurement

-.- P P P P P P P P P P P P P P P P P P P P P ,P P P P P
S Fabrication F F F F F F F F F F F F F F F F F F F F F F
u

Asse!"bly A A A A A fJ A A A A A A AlALU A A A .A A A A
z:

Test T T T T T T T . T T T T T T T T T.... T T T T
Installation I I I I I I I I I I . I I I I I I I I I
ChecKout ! Z Z Z Z Z Z Z L Z Z Z Z 'Z Z Z Z .,

Design D : D D D D D D D D D D D D D D D D D!D D D
II') Procurement I p P P P P P P P P P P P P P P..----- - ----

Fabrication i F F F F F F F F F F F F F : F ..
AssemblL., A A A A A A A A A A IA A A B:AMTURN-DN

z: Test I T T T T T T 'T T T T T T T T
:z:.... Installation I ' I . I I I I I I I I I I I I I I I I-

a:: Checkout i Z Z Z Z Z Z Z Z Z Z Z Z Z Z Zi

Desion : D D D D D D D D D D D D D D D D D DID

Procu.rement P P P P P P P P P p pip p p P P P P P P P P P P t

Fabrication I F F F F F F F F F F F F F F F' F F FU> F

Assembly
I , A A A A A A A A A A A A A A A A A AI

C<;$ Test T T T T T T T T T T .T TIT T T T T T
Installation I I I I I I I I I I I I I I I I
Checkout I Z Z Z Z,Z Z Z Z Z Z Z Z Z Z Z Z Z ZI

Design D D D DD D D D D ,D D D D D D"D D D D :
'+Procurement

' , p P; P -p P P P P P P P P P P P P P P
..

en Fabrication I F F F iF
It- F F. F F F F F F Ff F F F F

a' Assemblv t A A A A' A A A A 'A A A A A ,A A A-
Test T T T T T T T T T T T T T T T T

Installation I I I I I I I I I I I I I I I I- ---
Z Z Z ZCheckout Z Z Z Z Z Z Z Z Z Z Z



0 0 d 6j. ~. u v 0

APPENDIX A

THE PROTON-ELECTRON SYSTEM

1. Introduction

Initially the PEP conceptI included a second ring for achieving ultrahigh-

energy collisions of electrons with protons as well as with positronso In electron-

proton collisions, PEP is capable of an extension of the experimental parameters

well beyond those of traditional electron machines, i. e., inelastic electron scat-

tering, photoproduction, etc 0' and in addition it will open the field of weak inter-

actions to practical experimentation with a well understood, well controlled probe-

the electron.

This Appendix provides a brief description of a proton-electron system which

nlakes use of the electron-positron ring of this design report. Basically, to ob-

tain electron-proton collisions, a 200-GeV superconducting proton storage ring is

incorporated with the 15-GeV electron ring, within the same enclosure. For e-p

collisions, the electron energy is set to 15 GeV to maximize luminosity. The

center-of -mass energy thus achieved is 110 GeV which is the same energy which

would be available with a 6400-GeV beam from a conventional accelerator incident

on a stationary hydrogen targeL There is no economically feasible way of reaching

these energies with a conventional accelerator. The facilities of PEP are designed

to allow for this addition creating a total facility of unique capability for particle

physics research. Some of the details of this future step, along with the projected

parameters, are outlined below.

2. Physics Potentia133

[ - + - + 1.(a) Deep Inelastic Lepton Scattering e (e ) p -e (e ) + hadrons

Inelastic electron -proton scattering plays an essential and unique role in the

investigation of the structure of the hadronso The known electromagnetic field
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generated by the scattered electron interacts locally with the electromagnetic

current of the proton and thus can probe the structure of the nucleon at arbitrar-

ily small distances. This local interaction is in sharp contrast to hadron-hadron

scattering in which the basic interaction between the particles is more complex.

By choosing different energies and angles of the inelastically scattered electron,

it is possible to select a wide range of values of the virtual photon's energy (v)

and the square of its mass (q2) , the latter quantity being always negative in elec-

tron' scattering. In this way, we can study the collisions between a hadronic tar-

get and virtual photons having a variety of energies and masses. In particular,

experiments can be conducted in the asymptotic region of virtual photon masses

large in magnitude compared to a proton mass. This region is not accessible to

accelerators using a fixed mass projectile.

Experiments on inelastic scattering at SLAC, with both the mass and energy

of the virtual photon large, have yielded profound and unexpected results. These

results show that the cross section (or more correctly, the structure functions)

do not depend separately on the mass and the energy of the photon, but instead on

the combination w = 2 mv /( _q2), where m is the mass of the hadronic target. The

quantity w is called a "scaling variable." This" scaling" behavior has led to

major new concepts in our understanding of hadronic structure in terms of a pos-

sible substructure within the hadron, namely, point-like constituents (partons).

Since the existing hadronic symmetries find their most natural description in terms

of fractionally charged quarks, it is natural to try to identify partons with quarks.

In the past few years, there is increasing evidence from electromagnetic and weak

interactions at high energies to support this identification. Parton/quarks have

thus become a familiar construct in particle physics in spite of the fact that they

have never been observed as free particles in the laboratory. Scaling finds a
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simple explanation through the absorption of the virtual photon by an essentially

free parton/quark, provided the parton's charge is point-like and its mass can

be neglected in the kinematic s.

The range of v and q2 has recently been extended with a muon beam at Fermi-

lab from the SLAC domain of 0 < v < 20 GeV, -37 GeV2 < q2 < 0, to a region

about 7 times larger, 0 < v < 150 GeV, -280 GeV2 < q2 < O. The decrease in

cross section with q2 is so rapid that meaningful data are restricted to about

Iq21 < 50 GeV2, but essentially the full range of v is explored. The Fermilab

data confirm the general features of the observations at SLAC, but show indica-

tions of a breakdown of the scaling behavior at the 10 - 20% level. The details

of the violation of scaling have not been established as yet, but the trends support

the idea of a new, larger mass scale entering the dynamics, rather than a smear-

ing out of the parton's charge.

Before the proton -electron system can be completed, it is expected that con-

siderable additional data on muon scattering will be available from the two experi-

ments planned for installation in the north hall of CERN. The beam feeding these

experiments is designed to have an intensity at least 2 orders of magnitude higher

than that currently available at Fermilab, and the muon halo predictably will be

much less. One of these experiments will explore the validity of scaling through

a single arm inelastic scattering over the full kinematic range accessible, and

the second experiment will add considerable information on the distribution of

hadron fragments associated with such inelastic events.

In the past year the astounding discoveries, first at SPEAR and the AGS and

later at SPEAR and DORIS, of a totally unexpected spectroscopy of states of high

mass have greatly increased the need for both e+e - and e:l:p reactions at PEP.

The definitive interpretation of these new states does not exist at present, but it
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is apparent that some new degree(s) of freedom in hadronic interactions is (are)

being excited at energies above 3 or 4 GeV in the e+e - syster:l. PEP Stage 1 (the

present design report) is vital for the exploration of these phenomena at higher

energies. The physics potential has been discussed in detail in the PEP pro-

posal. 4 The future electron-proton configuration will contribute uniquely in a

complementary manner. The apparent mass threshold at about 4 Ge V in the an-

nihilation channel may well be the same mass parameter responsible for the

scaling violations observed at Fermilab in inelastic muon scattering. If so, the

much greater range of virtual photon energy v and mass squared q2 of PEP's

2 2
electron-proton system (0 < v < 6400 GeV, -12,000 GeV < q < 0) may show

new domains of scaling, followed by regions of failure of scaling, as this and

successive mass thresholds are passed.

This picture of domains of scaling as the energy variables are increased is

conjectural at the present time. All that one sees now is scaling for a wide range

of parameters, with an indication of failure of scaling at the present extremes in

these parameters. The PEP e-p addition would make available a much larger

kinematic region in the "space-like" region of momentum transfer (q2), comple-

menting in a most important way the extension of the "time-like" region of q2 with

the PEP e+e - system. New hadronic degrees of freedom seen in th~ direct anni-

hilation channel have consequences in the "crossed channel" of inelastic electron

scattering. The data from one type of experiment support and elucidate the data

from the other.

As an example, partons were first conceived in the interpretation of inelastic

electron scattering and the phenomenon of scaling. They now have proved fruitful

in the interpretation of the inclusive spectra of hadrons and of the so-called jet

structure in e+e - annihilation. This jet structure, only very recently established
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at the highest SPEAR energies, has not as yet been found as a prominent feature

of the "fragmentation" of very massive virtual photons in inelastic electron scat-

tering. Its existence in e+e - annihilation, however, argues strongly for a corre-

sponding phenomenon in inelastic electron scattering, quite apart from any ideas

of partons/quarks. Its observation would lend confidence to our basis under-

standing; its absence would demand a re-assessment of our concepts.

Similarly, the behavior of the ratio R of the total cross section for e+e - -
+ - + - .

hadrons to that for e e - J.1. J.1. , with a plateau at -- 2.5 from 2 to 3 GeV, a rise

and then another plateau at -- 5 above 4.5 GeV, strongly implies the domains of

scaling described above. It is by such study of different aspects of related phe-

nomena that one builds a convincing and interlocking interpretation of fundamental

particles.

In addition to the electromagnetic inelastic scattering, it will be possible in

PEP e-p experiments to observe the effects caused by a weak neutral current of

the type discovered in the recent CERN and FNAL neutrino experiments. The ef-

fects of the neutral current would be observable in interference with the electro-

magnetic current as parity violations, charge conjugation violations, and possibly

electromagnetic scaling violations. Since both energy and momentum transfer are

easily determined, detailed knowledge as to the nature of these neutral current ef-

fects will be possible. This unique very high-energy feat ure of the PEP facility

will yield results bearing on one of the most significant problems in particle physics.

(b) Weak Interactions (ep - ve + hadrons)

If the scaling phenomena observed in deep inelastic scattering are assumed to

hold also for the weak interactions, as would be implied at least in part by the con-

served vector current (CVC) idea, then the Fermi theory implies that the total

weak interaction cross section will grow quadratically with center-of-mass energy.
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At PEP energies, this has the consequence that the strength of the weak interac-

tions with their inherent violation of parity and strangeness, will be comparable

to the electromagnetic interactions. In fact, in the region of the largest momen-

turn transfer accessible with 200-GeV protons and 15-GeV electrons, the scaling

hypothesis, together with the point coupling of the 4-fermion theory, predicts that

the deep inelastic electromagnetic cross section will be smaller than the weak

process cross section.

Present evidence from experiments at Fermilab with neutrinos of energies

up to 100 - 200 GeV, corresponding to center-of-mass energies of 15 - 20 GeV,

suggests that the total cross sections do rise more or less quadratically with

center-of-mass energy over this energy range. The accuracy is not great,

however, and there are indications not only of the failure of scaling in certain

kinematic regions, but also of new phenomena, perhaps the production of new

kinds of particles. At present, these hints are consistent with the idea of a new

degree of hadronic freedom being excited at high energies in neutrino interac-

tions, just as in e+-e - annihilation. There is as yet no indication of a finite

range for the 4-fermion weak interaction implied by the intermediate vector

bosons of unified gauge theories of weak and electromagnetic interactions.

Experiments with the electron-proton system of PEP will show either that

the weak interaction ceases to be "weak" at high energies or that the Fermi

theory in its simple form breaks down. The discovery of a failure in the Fermi

theory would in itself be an event of the first magnitude in importance; beyond

that one would hope to discover the mechanism of the breakdown.

3. The Total PEP Concept

The "total" PEP configuration would provide a one-of-a-kind facility for

high-energy e - -p and e+-p collisions in addition to e+-e - collisions. The
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electron-positron system is a straight-forward extrapolation from existing lower

energy storage rings, whose properties are fairly well understood. But, there

is no present experience with electron-proton storage ring systems, for they

don't yet exist, and the technical demands appear more severe.

For the e-p system it is desirable, particularly in view of the weak inter...;

action physics potential, to have the highest possible center-of-mass energy.

For the prescribed size of the 15 GeV electron ring, a proton energy of 200 GeV,

corresponding to a center-of-mass energy of 110 GeV, can be reached with dipole

field strengths of 44 kG, which is reasonably within the capability of supercon-

ducting technology. Moreover, super conducting magnets would provide substan-

tial power savings relative to conventional magnet elements.

The proton ring will be added within the same tunnel enclosure. In the

present design, the electron ring will be adjusted in elevation, as shown sche-

matically in Fig. 83. The heavier line in the figure represents the proton beam

trajectory. The electron orbit, which has almost the same circumference,

al ternates above and below the proton ring. Short electron and proton bunches

counter-rotate synchronously in their respective ring structures and collide in

the six interaction regions at the points indicated by the large dots.

Protons will be injected into the super conducting ring at --5 GeV from a

conventional booster synchrotron, accelerated up to 200 GeV, and compressed

longitudinally to the desired bunch length before injecting the counter-rotating

beam of electrons or positrons in the other ring. The electrons or positrons

would be injected from the existing SLAC linac, in the same manner described

in Section II. E of this design report.

The possibility exists also for the addition of a second electron ring which

would alternate vertically in the opposite sense from the electron structure
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Fig. 83--Schematic view of the PEP electron-proton ring configuration.

- 228 -



0 0 0 41 0 oJ 0 ,,,,.

~

shown in Fig. 83. This would provide for e+-e+ and e- -e - collisions, as well

as for higher luminosities for the e+-e - system at lower energies.

4. Lattice System and Operating Parameters

The proton and electron rings are displaced vertically from each other

because the relatively flat beams are more readily separated vertically, and

synchronization of electron and proton bunches is simplified. The proton ring

will be essentially in a single plane, while the circular sextants of the electron

ring will be placed alternately above and below the proton ring. This arrange-

ment makes it easier to eliminate vertical dispersion in the curved sections of

the electron ring and at the crossing points, where it would reduce luminosity.

Without this alternation, several quadrupoles would be needed between BVI

and BV3 (Fig. 84) to produce a full vertical oscillation of the dispersion vector

there. This region could not then be used for synchronization and injection

components, chromaticity would increase, and a considerable lengthening of the

insertions, would be required.

The insertion region and the neighboring cells of the curved sextants are

shown in Fig. 84. The electron and proton bunches collide head-on at the inter-

action point, and then pass through four common magnets. First is a quadrupole

doublet Ql, Q2 that focuses the electrons at the interaction point, but has little

effect on the protons. Next is a vertical low-field magnet BVL that permits one

to mask the experimental apparatus from the synchrotron radiation emitted in

BVI. Magnet BVI separates the proton and electron orbits vertically. It is

followed on the proton line by vertical dipoles BV (4,5, 6) that bend the protons

back to the mid-plane. The quadrupole doublet Q3, Q4 provides a low {3focus

of the proton beam at the interaction point. Meanwhile the electrons pass

through BV2 and are restored to a horizontal plane by BV3.
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Magnet BV2 and the electron beam pipe will be movable to provide synchro-

nization of electron and proton bunches at different proton energies. Following

BV3 and the doublet Q3, Q4 is a 15-m clear space for RF cavities and injection

components. 1QG is the first quadrupole of the cell-lattice in the sextants. 1QF

and the next few quadrupoles in the cells adjacent to the .insertion will be inde-

pendently adjustable. They act together with the insertion quadrupoles to match

the beta functions and dispersions between the cells and the interaction point.

The corresponding quadrupoles in the proton ring operate in a similar manner.

The cell length of the electron lattice has been shortened relative to the

length in the PEP Proposal 4 to 14.35 m. However, the proton cells will remain

28.7 m long due to the more favorable packing. Apart from the vertical shift

and removal of the horizontal low field magnets the curved sections of the electron

ring are unchanged from the configuration described in this design report. The

insertion is changed by shifting 1QG and "Q5 farther from the interaction point,

adding the doublet Q3, Q4 for fine tuning, and by the addition of the vertical

bending magnets.

Apart from the proton ring cell length, the main lattice parameters such as

average radius, insertion straight section, interaction area free space, etc. will

be the same as that of the electron-positron system in this design report. The

length of the free space (19 m) in the interaction region represents a compromise

between experimental requirements and orbit considerations. The vertical

separation (0.8 m) of the electron and proton structures is sufficient to accommo-

date the magnets, RF cavities and injection components for both rings. Such a

small separation is desired for compatibility with the proposed runnel size and

to minimize the power radiated by the electrons in the vertical dipoles.
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Table XIX shows a typical set of parameters for operation at (200, 15) GeV

and (50, 5) GeV. The variation of luminosity with energy cannot be scaled as

readily as for electron-positron collisions, since the properties of proton beams

scale differently with energy. Under the approximate constraint that the beam-

beam tune shifts should not exceed O.005 for protons and O.06 for electrons, and

since by present understanding this effect is a performance limitation, the

luminosity must decrease with decreasing energy-about a factor of 5 for the

above practical range of energies.

The luminosity per crossing at the (200, 15) GeV operating conditions is

31 -2 -1 h .. at 1 th th I
. . f 1

32 -2-1
7. 2x 10 cm s . T IS IS 3070 ess an e umlnoslty 0 Ix 0 cm s

shown in the previous PEP proposal. 4 This reduction is caused mainly by the

addition of low field magnets shown in Fig. 84 which are used to minimize back-

ground due to synchrotron radiation in the experimental areas. In addition, the

doublet Ql, Q2 has been unaltered from the stage I configuration in order to

retain the full e+-e - luminosity capabilities in stage II. Should this capability

no longer be required this doublet could be shortened, Q3, and Q4 moved closer

to the interaction point and the e-p luminosity would increase. Similar ly the

luminosity would increase if ways are found to shield the experimental apparatus

from synchrotron radiation that allow a shortening of magnet BVL.

The number of protons required (Table XIX) is comparable to the design

intensities of FNAL and CERN II. The number of electrons is similar to that

required in the single electron-positron ring system. Both beams are divided

into a large number of bunches to minimize the beam-beam effects as well as

those of high-peak currents.

The proton emittances are conservative, being somewhat larger than those

currently achieved in existing high energy proton accelerators; there would be
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TABLE XIX

Operating Parameters

High Energy

Proton Electron

Low Energy

Proton Electron

200

3.6x 1013

15

O. 77x 1013

0.2

1. 7x 10~n

GeV/c

MW

-2 -1em s

%

m

rom

mm

m

m

m

m

m

m

m

T

Tim

m

m

~cludes bunch lengtheningfactor of 2. 2817894

24 24

5

7.2x 1031
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Momentum p

Number of Particles

Number of Bunches nB

Beam Power Radiated P

Luminosity ;Crossing L

Momentum Width - (k (f
p ms p

Bunch Length (rms) at

Interaction Point

rms beam width (total) u"
x

rms beam height u*
y

p-function horizontal f$*x

p-function vertical fl.*
y

dispersion-horizontal fl*x

dispersion-vertical 11*
y

Emittances \

horizontal. (uxax')
E

X

vertical (a CF,) E
Y Y . Y

longitudinal (ul.CFpy> El.

Beam-Beam Tune Stift

horizontal
40x

vertical
40y

Betatron Function (max)

horizontal Px

vertical
fly

Betatron Tune " ="
x y

Cells

length Lc

dipole field Bo

quadrupole gradient lBo'

p-function maximum Pc

dispersion maximum TIc

50 5

3.6x 1013 1. 2x 1013

48 48

0.120 0.10

0.25 0.05

1.01 0.85

0.50 0.24

2.03 2.62

2.00 1.31

0 -0.50

0 0

0.500 O.184 mm-mrad

0.125 0.046 mm-mrad

0.016 0.49 a m

.001 .059

.005 .060

600 150

600 100

15.75 18.75

28.7 14.35

1.09 0.101

14 2.8

48. 26

2.5 1.7

.03 0.10

0.25 0.05

0.82 0.65

0.25 0.18

5.4 2.3

2.0 0.68

0 0

(} 0

0.125 O. 184

0.031 0.046

0.016 1.47 a

.004 .06

.005 .060

520 320

600 160

15.75 18.75

28.7 14.35

4.37 0.303

56 8.4

48. 26.0

2.5 1.7



no advantage in smaller emittances because of the beam-bealll effect. The

electron emittances are taken as independent of energy; this can be achieved by

use of the wiggler system or the variable tune capability of the electron ring

lattice.

The proton bunch length is as short as possible, consistent with moderate

RF voltagerequirements, since high luminosity requires localizing the collisions

to the 10w-{3region. In the electron ring, when sufficient RF overvoltage is pro-

vided to assure a long quantum lifetime, the natural electron bunch length is

quite short enough to achieve the required localization.

The interaction point dispersion is set to zero to avoid potential problems

such as magnet ripple effects. As operating experience accumulates, it may be

possible to improve the luminosity by going to larger dispersion at the interaction

points.

5. l\tlachine Components

The characteristics and parameters projected for some of the principal

machine cOlnponents are described below.

Superconducting Magnet System. For the proton normal-cell structure,

192 dipoles are required, each 5 meters long, operating up to a maximum central

field of 44 kG at 200 GeV. There are 84 quadrupoles (1. 2 meters long) and

12 quadrupoles (.6 m long) all with a maximum field at the conductor of 38 kG

for a maximun1 required gradient of 50 Tim. For these magnets the required

good-field radius is 5. 3 and 5.8 cm in the dipoles and quadrupoles respectively.

The six insertion reg'ions require, in ~ddition, 24 quadrupoles of length 2.0 m

and 24 quarlrupoles of length 1. 4 m. (The common doublet Ql, Q2 and the

vertical bend ing magnets will be conventional rOOlll temperature magnets.) The

"4 3h
magnet design" , t) incorporates intrinsically stable, fine filament, NbTi
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superconductor that is well cooled with liquid helium and rigidly supported, and

utilizes a simple compact cryostat-cryogenic transfer system. Operational

reliability for large-scale super conducting systems is not yet established. This

is one of the major goals of the LBL research and development program and

pilot accelerator program (ESCAR). 34- 38

Cross sections of the magnets and their location within the tunnel is shown

in Fig. 85. Within the magnets the ultra-high vacuum region is enclosed by a

nonmagnetic beam tube, upon which a multi-layered coil is wound. Circular

symmetry is used in all inner regions of the magnet for the best possible struc-

tural and magnetic properties.

The magnet cryostat is continuous through a half-sextant of the ring with

surrounding evacuated thermal insulation, an 800K temperature shield and

finally a room-temperature vessel. Two phase helium at 4. 4oK is introduced

at the center of a sextant and forced in both directions to the ends of the sextant. 38

The only additional element in the tunnel is the transfer line from the rest of the

refrigeration equipment housed above ground. This scheme eliminates inter-

ference between refrigeration components and experimental apparatus near the

insertion regions.

If the expansion to higher electron energies 16 (i. e., > 22 GeV) is required,

super conducting quadrupoles and sextupoles would be utilized in the electron ring.

Liquid helium could be easily supplied from the proton ring cryosystem.

A summary of the expected heat loads is shown in Table XX. The heat leak

at 4. 40K is assumed to be 1. 2 W1m, and that from room temperature to 800K is

taken to be 2. 5 W1m. Allowance is made for two pairs of electrical leads for

the dipoles and six for the quadrupoles. Addi tional allowance is made for quench

leads and beam diagnostic and control equipment. In all, some 600 kWof
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installed power capacity will be required for each of the six refrigeration stations.

The magnet power supply circuit will parallel the refrigeration system.

Table XX

A breakdown of the 4. 40K refrigeration required for one sixth of the

PEP proton ring

Heat Leaks into the Cryostat 420 W

Electrical Lead Losses 220 W

Cryogenic Vacuum Pumps (in the interaction regions) 200 W

Total (steady state load) 840 W

Cooldown Allowance 660 W

Total Installed Refrigeration Required 1500 W

Vacuum System. The residual gas phase density of nitrogen-like molecules

should be less than about 3.5 x 105 molecules/em 3 in order to prevent degradation

of the quality of the stored proton beam. This density corresponds to a room

-11
temperature gas pressure of 10 Torr.

In the magnet sections a pressure of 10-12 Torr or less can be obtained

economically by allowing the vacuum chamber to cool to about 4. 50K, the oper-

ating temperature of the superconducting magnets. This temperature provides

pumping capacity for all gases except helium, and reduces outgassing of the

chamber wall to a negligible rate. The cold bore of the magnet itself could be

used as the vacuum chamber if experience with ESCAR demonstrates a high reli-

ability with regard to helium leads from the magnet cryostats.A straightforward

analysis of the possibility of beam induced pressure runaway shows this will not

be a problem with PEP.
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Thereis no need for a rapid rate of rise of the magnetic field, so eddy

current heating will not be a problem, and the vacuum chamber impedance can

be made low to suit the requirements of the bunched beam. Because the beam

is tightly bunched some image current heating must be anticipated. Vacuum

tests for ESCAR show that a temperature rise of the pumping surface up to 50K

will not disturb the cryopumping of H2 if the amount of H2 on the cryopump is
39

not excessive. This behavior has been verified by measurements at CERN,

which show that no change in pressure is observed for temperature differences

from 2.5 to 7. OOKif the H2 coverage is less than one monolayer.
"

The straight insertions contain the accelerating cavities, the injection sys-

tems, and the interaction regions with the cross-overs of the electron-positron

ring. These elements, the synchrotron radiation, and the requirements of the

experimenter will call for a variety of vacuum techniques. Gas loads that could

enter from the injection line will be intercepted by a short length of tubular

cryopump that is easily cycled. The detailed design of such a pump has already

been completed for ESCAR.

Injection, Acceleration, and Bunching. A small 5 GeV synchrotron is

visualized as an injector for the superconducting ring. As the intensity and

emittance requirements for PEP are not very stringent, there should be no

difficulty in providing an economical system.

The present concept for achieving the desired proton bunches is as follows.

Each of the 24 bunches is successively loaded from separate booster pulses into

existing -buckets in the main ring. The bunch lengths are such that they would

fit comfortably in buckets at harmonic number 96(4 x 24). For a longitudinal

emittance of o. I1Tm (67rO"lrtfl, the hol-ding voltage would be about 400 keY jturn.

This same voltage would be sufficient for an acceleration time of 10 seconds or
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more, and the normal damping would produce a bunch length at 200 GeV which

would fita bucket at four times higher frequency (h= 384, f= 52 MHz). At this

frequency the voltage would be raised to compress the bunches to the desired

length, the finalvalue being --6 MeV jturn if the emittance is preserved throughout.

The RF structure is visualized as consisting of a number of tubes which would

act as drift tubes at the initial frequency, and as half-wave lines at the final fre-

quency. For the system cited above, 17 tubes, occupying a total length of 50

meters, would be utilizedwith a power consumption of ",2 MW.
'J

In Fig. 84 it is seen that there are twelve straight sections of 24 m length

in the proton ring between QA, QB and Q3 and twelve corresponding straight

sections in the electron ring. Three sections are used for electron, positron

and proton injection. The remaining nine sections are available for electron and

proton RF systems, beam disposal systems and diagnostics.

This brief description of components and parameters does not pretend to

represent an optimized system nor a comprehensive analysis of the components.

It is, rather, a conceptual analysis to confirm that a future e-p system is feasible

and compatible with the electron-positron system which is the subject of this

design report. Numerous orbit dynamics questions, both single-particle and

collective stillremain, which require further study. Most of all,substantial

development in super-conducting technology is needed to produce reliable opera-

tional systems.
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APPENDIX B

SUMMARY OF SOIL STUDIES TO DATE

In the summer of 1973, when engineering studies for a large, colliding-

beam storage ring started in earnest, soil studies were begun to determine the

nature of earth materials where tunneling might be undertaken. The initial ring

concept, a 2100-m oval, was investigated by drilling seventeen test holes with a

truck-mounted 15-em auger drill rig. These holes were roughly logged to

determine the general nature of the site's materials, but no laboratory testing

was undertaken to determine engineering characteristics. The drilling indicated

a heterogeneous, unsystematic arrangement of gravels, sand, clay, claystone

and shale in the upper levels, with sandstone occurring at depths 6 to 20 m below

the surface.

In an effort to determine systematic arrangement of the site's sedimentary

deposits, the 1973 drilling program was followed by seismic refraction geophysi-

cal surveys. 40 Such surveys, by measuring velocities of seismic waves at

varying depths, can indicate densities and competence of subterranean formations

and can provide some indication of the speed of tunnel advances. The survey

indicated that upper levels have relatively low compressional wave velocities

between,360 and 540 m per second. These are in desiccated adobe and sandy

clay. Underneath these surface materials, wave velocities varied from 700 to

1000 m per second in fine-grained sandstone, shale and clay with gravel. These

velocities, comparable to earlier refraction studies of SLAC materials, indicate

materials having bearing values of at least 20,000 kilograms per sq. m. Struc-

tures below these materials showed wave velocities in excess of 1500 m per

second. Thus, the refraction surveys, as might be expected, indicated increasing

C0111petence of materials with depth.
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In 1974, five more deep holes were drilled in order to determine the nature

of materials at key points where the ring (by now conceived as hexagonally

shaped) was anticipated to be located. No unusual differences from those of the

ear lier samplings were disclosed by these borings.

The geologic composition of the SLAC site consists of materials of three

geologic ages: Eoc.ene, Miocene and Pliocene-Pleistocene. SLAC's original

construction had disclosed that Eocene formations could be troublesome, some-

times being composed of expansive clays, shales and siltstones. Miocene for-

mations, although younger than the Eocene, are more dependable, being composed

generally of fine-grained, loosely-consolidated sandstones having excellent

engineering characteristics. Little contact with Pliocene-Pleistocene formations

occurred in the original construction. 41, 42, 43

Subdivision developments immediately north of the PEP site in Menlo Park

have experienced serious construction problems caused by highly-expansive

Eocene clays. In that area, such clays are generally overlain by adobe soils.

Areas of Regions 12, 1 and 2 of PEP's ring (Fig. 1 of the design report) are

likewise overlain with expansive adobes. In that same PEP area, a 1967 geo-

logical report 43 postulated a Pliocene-Pleistocene formation which could create

engineering problems for construction. Because of this, a detailed geologic,

soils-mechanics study of Regions 12, 1 and 2 was undertaken in the summer of

1975.44 Trenching, drilling and materials testing was done in order to ascertain

accurately the geologic structure and engineering characteristics of soils and

rock. It was found that the Eocene formations so troublesome to the north do not

extend into PEP's construction area, and that expansion characteristics of the

claystones found should not create serious difficulties. That same summer, an
. 45

interim report of the general geological structure of the entire PEP site was made.
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A test-drilling program continues, with extensive materials testing along

the perimeter of the PEP ring. This program should provide the information

necessary to determine methods and design of tunnels as well as basic design of

the interaction area research halls.

'J
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APPENDIX C

CCCPf.RATIVE~ASIC AGRf.E~:~~i~T

BET\'IEt:N

THESOAP~OF TRL;S,TEESOF THELELAi~DSTAiiFORDJUNlOR u:-nVERSITY

AND

THE REGEHTSOF THEU~n\iERSI1Y OF CALIFOR;nA

This Ccoperative Bas;c Agreerr.€nt is entered into effective this ~~'It(, day

of February, 1974. by and between the BOARDOFTRUSTEESOFTHELELAND

STANFORDJUj~raR uNIVERSITY (hc:reinafter called "Stanford II) and THE REGENTS

OF THE UNIVEtiSITY OF CALIFORNIA (here-inafter called "UCII)..

RECITALS

I. II~TROD\JCT I Oi~

A. The Ernest Orlando Lawref'\ceBerkeley Laboratory (LBl) is a i~ational\

lahlJrat(\ry op~rated by UC unde;- cC:'1tra:t ~'J.74a5-E!:G-4~~;ith the U.S.

Atomic Energy Cornmisc;ion (AEC). The Ui rec tor of LBL reports to the

President of uC. The Stanford Linear Accelerator Ce~ter (StJ\C) is ~

.National Facility for High Energy Physics Research oper-ated by Stanford
. .

under co~tract AT(04-3)-5l5 with the AEC. The Jirector of SLACreports

to the President of Stanford.

B. For several yea'rs LBl and $lAC have been collaborating in the study of

a novel high-energy particle accelera.tor system cdnsisti~g of a r1f19

containing counter-rotating persistent beams of ele~trons and positrons,

and d second intersecting ring cont~inlng a persistent rotating beam of

protons.. Col~i5ion between these bear.i5 will perm1:t studies of ~l~m;;l'tar'y

pa rt i c1esCot high ere 11er gy. and t 11ere f~re i n f 1ner de t ail t han eve r J e for p.
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C. The concept of th,e system. call ed PEP for IIproton-e 1ec tron-pos; tr on. II

h.s been developed to the point where design aud constructi"on of an

accelerator can take place. It appears des irable to aecompli sh the

realization of this concept in stages. The first stage \'/i11 consist

of a single ring of approximately 300 meter radius able to contain

counter-rotating beamsof electrons and positrons with energies up to

15 GeV at full interaction rate. Thes'e particles will be injected

1n~o the ring by the e~isting lin~ar accelerator at SLAC. Provision

will be made in the construction of. PEP to maintajn full compatibility

with the later addition of a superconductiog proton ring for protons

of energies up to about. 200 GeVand/or a second electron ring to

provide for collision of electrons with electrons and positrons

with positrons. Provision will also be made fQr the foture

installation of experimental ficilities for the full PEP Project..

Meanwhile, the sin~le ring will c'omprisea unique tool forcor.ducting

experiments invo.lving electron-positron collisions. and by itself will

1».the-basis for a front line experim~ntal program for manyyears.

for ea.se of referenc.e. the term "PEP Project II as used herea fter 'j n thi s

Agreementmeansthe design, con$tructior. and operation of the PEP

~;~~elerato1'" system as finally funded, b~i1tt and Gperated.

D. In ton~ideration of the Tur'eyoing facts. a.nd being keenly aware of

the potentialities of the PEP Project for adv~nc.ing mankind's knowle1ge .

of t-he ~cn5titution and nature of mattl'r. and ina:ppreciation that ,t:1e

task is cf such challenge as to warrant the matshallingof the comtinp.d
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re sou rc e 5 dnd tal en t s 0 f Sta n f 0 nJ d i\(1 ~JC) \f I l ij a con s e que n t s ens e 0f

the historical importance of this dct the parties hereto enter intd

this Cooperative Basic Agreement,

AGREEMErfl S

II. COi~STRUCTIOi~PROPOSAL-~-'

A. !t is agreedthat LGL and SLACwill collaborate in the preparation of

a cons truct ion prop.osa1 to be submitted to the Ator.1ic Enet <;j [,omm;S5 i on

for commencementof construction in Federal fiscal year 1976 of a

high energy electron-positron ring to be constructed at SLAC and to b~

operated jointly by SLAC and LBL as a national physics facility as

described in Articles III. and IV. of this agreement. Provision

will be made in the construction of PEP to maintain full compatibility

with the later addition of a superconducting prolon ring for protons

of energies up to about 200 GeVand/or a second electron ring to

, provide for collision of electrons with electrons and positrons

with positrons. Provision will also be made for the future

installation of experimental facilities:for the fu11 PEr Project.

B. The technical and scientific justification fJr this construction

proposal will be based specifically on the electron-positron col1i~-

1ng beamdevice. The parties agree that both scientific interest and

current technical knO\'Iledgeare such as to justi fy the construction of

an electron~positron storage ring in its own right; they also emphasize

that the scientific goals of the full PEP Project provide good reasons to

include in the design those features ess€nti~l to permit realization'

of the full PEP Pro~ect in the future~

- 245-



Cooperative Basic Agreement Stanford/UC

c. As contained in the "5-yearBudget Assumptionn for 1976'-1980which

Wissubmitted by LBL and SLACon November13. 1973 to the AEC. the

construction cost of the first stage of the PEP Project is estimated

to be between ~50 and ~60 million.

III. r~NAGEf:tEi~TPLAi4

A. It is a~reed that the goal of the project managementis a true

tol1aboration between LBl and SlAC. the PEPProject will ~ave a

senior scientific and technical staff drawn in a balanced way from

the two Laboratories. These person~, while worki~g on the PEP

Pr~Ject, will remain employee$ of their respective Laboratories.

In particular the P.roject Jirector and Deputy Director will be

oppointed by the Directors of LBL dnd SLACso that one comes from

.~ch Laboratory. The Project Director will report to the Directors

qf LBL and StAC.

B. The two Laboratory Directors will be advised in relation to the

project by a single PEPProgramCOntnittee (PPC)having a majority of

non-SLAC,non-LBLmembers. This Convnittee wi_ll be appointed jointly

by the Uirectors of the Laboratories. This Committee shall advise

the Oirectors on all major phases of the PEP Project such as

experimental facilities construction. and storage ring modification

projects. Such projects shall go forward only af.ter authorization

bl both Laboratory Directors, irrespec-tiveof the source of funding.

The Committee shall meet as often as required but not less frequently

than t.wice each year ~
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c. It is intended that the PEP Project will be operated as a ~ational

Physics Facili~y. Steps are in progress to involve the national

high-energ'y-physics conmunity in planning for the physics ut;lizaticn

as well as in setting up appropriate advisory mechanisms. In

particular, it is agreed that an Experimental Program Committee (EPC) will

be constituted to revi~w exp~rimental proposals under procedures

designed to assure" equitable access to the entire high-energy physics

community. Jetailed scheduling decisions and coordination of PEP

Project experiments with SLAC operations shall be made under

SLACprocedures.

u. The Presidents of Stanford and UCwill be advised of the status of

the PEP Project through, respectively, the Directors of SLACand

lBL. In addition, the Scientific Policy Committee (SPC} of SLAC,

advisory to the President of Stanford'University, and the Scientific

Educational Advisory Committee (SEAC), advisory to the President of
. .

the University of California. will schedule joint meetings when

deemedadv;$able;f it is believed that further advice on scientiffc

policy governing the conduct of the PEP Project should be made

Ivailable to the Presidents of the collaborating universities and,

through them, as appropriate, to the Atomic Energy Commission.

E. Stanford and UCmay enter into modifici'tions of this agreement or into

.agreements implementing this agreement as may be necessary to carry

out the PEP Project.
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IV. r.tANPOUERAilD FISCALARRA~lGENEilTS

A. Preconstruction research and development work is now under "lay

tt both laboratories. supported by the operating funds of each

institution undE:t the'financial plans of their contracts with AEC.

B. The construction proposal described in Article II. PI. ~:il1 set forth

the scope and estimated costs of major elements and components of the

des;gn and construction phase af the first stage vf the PEP ProJect.
:

c. It is agreed that Stanford and UCshall seek to h~ve the constructiGn

of the first stage of the PEPProject performed by Stanford ~nder a

contract bet\oJeen Stanford and the Atomi.c Energy Commission. Requests

to the Atomic Energy Commission for construction directives to

proc~ed with stages of the construction of the PEPProject shall be

approved by both Laboratory Directors 9 It is agreed that the health

and strength of the technic~l hi9h~energy support ~fforts as well

as of the research programs of the two Laboratories must be

ma1nt~inedj and this goal will be used as a guide jnd~termining

- howthe personnel and faci 1ities of each laboratory are to support

th~ design, preparat~on of specifications. and c,onstruction of the

PEP Preject.

D. After compleLi~ln of construction t~ the satisfaction.of botn L~borator.>'

Directo,"s, SLACand lBL will participate in. the operation of the PEP

Fac11it¥ as follows:
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1. SLAC will be responsible under the terms of'Article III. for

managing and coordinating accelerator operations. Funding

support 'for accelerator operations will be through the SLAC

operating contract with AEC.

2. The operation of each experimental facility b~ilt with SLAC

and/or LBL funds shall be the responsibility of SLAC or LBL

and shall be s~pported with their operating funds in the manne~

most advantageous to the conduct of the national high-energy

physics program.

3. During the operational phase of PEP, accelerator research and

development and facilities research dnd development pertaining

to PEP. a~ we11 as prcconstruct~cn work for the full PEP. will

be supported by the two Laboratories, using their operation funds.

4. Experimental facilities construction and PEP storage ring

modification projects may be supported separately or jointly

in 'accordance with funding provioed to LBL and SLAC.

5. The Laboratcries will participate in the physics re$p.arch

program of the PEP Project using operating funds from their

separate contracts in a manner similar to that of other

laboratories or universities performing research at the PEP

Nat;o~al Physics Facility.
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A High-EnergyProton-Electron-Positron
Colliding Beam System

A Model for a High Energy Proton-
Electron-Positron Colliding Beam
System: SPEAR plus a Proton Ring

Inelastic Electron-Proton Scattering
with SPEAR plus a' Proton Ring
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Experiments and Some Comparisons
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Angular Distributions for Hadrons
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Experiments
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APPENDIX F

STORAGE RING PARAMETERS

Main Storage Ring Parameters

Nominal maximum energy

Minimum energy

Maximum current per beam (at 15 GeV)

Design luminosity per interaction region

Maximumluminosity at 15 GeV
Below 15 GeV

At 18 GeV

Beam lifetime

Number of interaction regions

Available free length for experimental setup

Circumference

Symmetry

Average radius

Largest diameter
Smallest diameter

Average radius with normal periodic cells

Magnetic radius .

Bending magnet filling factor in cells

Length of interaction straight section
(IP to center of Q3)

Length of bend section (center of Q3 to center
of 9QF)

Length of symmetry straight section (center of
9QF to center of sextant)

Orbital frequency
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18

4

92

GeV

GeV

ma

1 x 1032 cm-2sec-l

1032(E/15)2 cm-2sec-l
31 -2 -11.5 x 10 cm sec

2.5 to 5.7 h

6

19.0 m

2200.0002 m

sixfold

350.1409 m

710.8429 m

677.7638 m

219.9240 m

165.5177 m

75 %

58.54335 m

121.96000 m

2.83000 m

136.2693 kHz
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Lattice Parameters for Standard Configurations Used for Operation with

Wiggler Magnets from below 5 GeVto up to 15 GeV

Focusing structure in bend section
Total number of cells

Number of normal cells

Mechanically identical

Electrically identical

Number of matching cells

Length of normal cell

Length of matching cell at symmetry point

Length of matching cell at interaction
straight section

F-O-D-O
96

72

48

24

14.35

14.90

20.96

m
m

m

Maximumbetatron function:

S (m)x

sy(m)
t~aximumeta function:

llX(m)

lly(m)

1.81

0

1.98

0

1.15

0

Phase advance per normal cell 1Vx= 470
1Vy = 360
Vx = 18.77
Vy = 19.26

Vs = 0.064

ac = 0.00415

Betatron oscillation tunes

Synchrotron oscillation tune

Momentumcompaction factor

Transverse acceptance of the storage ring for
ideal orbit and on-momentum particles

A = 30 7rX
A = 14 TI
Y

mrad mm

mrad mm

- 269-

Beamdynamics function values in

Normal cell Matching cell
Interaction
straiqht section

26.5 33.5 190

33.1 32.3 530



Maximumenergy spread acceptance relative
to beam energy .

Horizontal beam emittance

. Natural energy spread

Transverse damping time

Uncorrected chromaticity (8 = ~p/po)

Variation of damping partition
number with energy

~ 1.4 %

a2/B = 0.231 TI mrad mmx x
a lE a = +0.100 %

E -

T = T = 8.2 msec
x y

~ = ~v 18 = -34 0x x .
~y = ~vyl8 =-100.3

~J/8 = 462

Beam dynamics parameters at interaction point:

Betatron function

Eta function

Crossing angle
Maximumbeam-beam tune shift

Optimum coupling
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B* = 3.707 m
B = 0.184 m
y

11 = -0.653 m
11* = 0 m
y

X = 0

V = V = 0.06
x y

K = 0.27
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PEP Main Ring Bend Parameters

Magnet Designation

Number of-Hagnets..

Field @ 18 GeV

/Bdt @ 18 GeV

Pole Width

Gap Height

Cone Length

Magnetic Length

Width 'of Useful Field (0.1%)

Lamination Height

Lamination Width

Packing Factor (min)

Core Weight

AmpTurns per Pole @18 GeV

Turns per Pole

Pancakes per Pole
Conductor Cross Section

Cooling Hole Diameter
Conductor Cross-Sectional Area

Current @18 GeV

Iilductance

Resistance @400C

Power @18 GeV

Voltage Drop @18 GeV

Stored Energy @18 GeV

Coil Weight

Number of Water Circuits

Water Flow Rate

Water Pressure Drop

Temperature Rise

70C5400

192

0.3£25 T

1.957 T-m

0.21 m

70 mm

5.33 m

. 5.40 m
100 mm

0.496 m

0.53 m

96 %

8580 kg

10409 A-turns

16

1
. 265 x 9 mm

2 @5 mm

546 mm2

650.6

19.6

17.9

7.58

11.6

4.15

242

2

9.45 x 10-5 m3/sec

1.38 MPa

. 19. °c

A

mH

mfl

kW

V

kJ

kg

- 271 -



PEP Standard Quadrupole Parameters (18 GeV)

(Low Impedance Design)

Magnet Designation

Nominal Peak Gradient

Gradient

12OQ640

20 Tim

12.61 T/m

O.757 T

8.07 T

60 mm

34.4 ronl

0.580 m

Pole Tip Field

Gradient Length Product

Inscribed Radius

, Minimum Gap

Core Lnngth

Magnetic Length
Width of Useful Field

Laminate Height
Laminate \Vidth

Packing Factor (min)

Core Weight

Amp Turns per Pole

Turns per Pole

Pancakes per Pole

Conductor Cross Section

Cooling Hole (s) Dianleter

Condu.ctor Cross-sectional Area

O.64 m

120 mm

365 rom

402 mm

96%

1700

18062

12

1
2

9 x 72 mm

2@5mm
2

609 mm
..,

1505 A.
2

2.47 A/mm

5. 14 mH

4.47 mQ

10. 1 kW

6. 73 V

5.82 kJ

'150 kg
1

35.4 °c
-5 3

6.85XIO m/sec
1. 034 ItvIPa

'.I

kg

A-turns

Current

Current Density
Inductance

Resistance @400C
Power

Voltage Drop

Stored Energy

Aluminum Weight

Number of Water Circuits

Temperature Rise

Water Flo1.-vRate

Water Pressure Drop
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PEP Standard Quadrupole Parameters (18 8eV)

(High-impedance Design)

Magnet Designation
Used for

Number of Magnets

Nominal Peak Gradient TIm

Operating Gradient TIm

Pole Tip Field @Operating Gradient T

Gradient Length Product T

Inscribed Radius mm

MinimumGap rom

Core Length m

Magnetic Length m
Width of Useful Field mm

lamination Height
Lamination Width

Packing Factor (min)

Core Weight

AmpTurns per Pole

Turns per Pole

Pancakes per Pole
Conductor Cross Section

Co'o1i ng Hole Diameter

Conductor Cross-Sectional Area-

Current

Current Density
Inductance

Resistance @40°C

Power @18 GeV

Voltage Drop @18 GeV

Stored Energy

Aluminum Weight
Number of Water Circuits

Temperature Rise
Water Flow Rate

Water Pressure Drop

mm

mm

%

kg

A-turns

2
mm

mm
2

mm

A

A/mm2

mH

mn

kW

V

kJ

kg

°c
lO-5m3/sec

MPa
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120Q750

QF, QD, 2QF, 3QF,
8QF, 8QD, 1QD

180

20

10.76

0.646

8.07 -

60

34.4

0.690

0.750

120

340

378

96

1700

15412

57

1

12.7 sq.
6.3

121.3

270.4

2.23

56.4

112

8.17

30.2

2.06

150

2

24.6

7.95

1.034

120Q1000

Q3, 1QF

24

20

10.76

0.646

10.76

60

34.4

0.940

1.00

120

340

378

96

2316

15412

57

1

12.7 sq.
6.3

121.3

270.4

2.23

75.2

140

10.2

37.9

2.74

187.5

4

10.2

18.4

1.034

120Q380

9QF

12

20

10.76

0.646

4.09

60

34.4

0.32

0.38

120

340

378

96

788

15412

57

1

12.7 sq.
6.3

121.3

270.4

2.23

28.6
68.4

5.0

18~5

1.04

91.6

2

11.4

10.5

1.034
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PEP Insertion Region Quadrupole Parameters

Magnet Designation 160Q2000 (Q1) 160Q1500 (Q2)

Number of Quadrupo1es 12 12

Rated Gradient T/m 6.6 (:to.4) 6.6 (:to.4)

Rated Pole-tip Field @18 GeV T 0.53 (:to.03) 0.53 (:to.03)

Inscribed Aperture Radius mm 80 80

MinimumGap Between Poles mm 53 53

Core Length m 1.95 1.45

Magnetic 'Length m 2.0 1.5

Useful Field Width (B/B 10-4) mm 168 168

Turns per Pole 26 (16) 26 (16)

Rated Current A 660 (:t65) 660 (:t65)

Current @15 GeV A 542 (-16) 542 (+9)

Current @18 GeV A 651 (-5) 651 (+22)

Coil Sections per Pole 2 (1) 2 (1)

Conductor Cross Section mm2 23 x 20 (6.5 x 6.5) 23 x 20 (6.5 x 6.5)

Cooling Hole Diamejer mm 6.5 (3.5) 6.5 (3.5)

Conductor Area
2

426 (32) 426 (32)mm

Rated Current Density @18 GeV A/mm
2

1.54 (2.0) 1.54 (2.0)

Resistance @400C m 36.5 (260) 29.1 (200)

Rated Voltage (max.) V 24.1 (16.9) 19. 2 (13. 0)

Rated Power (max.) kW 15.9 (1.1) 12.7 (0.9)

Stored Energy @18 GeV kJ 9 ('VO) 7 ('VO)

Inductance @.18 GeV mH 42 (16) 32 (12)

Core Weight kg 9000 6700

Aluminum Coil Weight kg 594 474

Number of Water Circuits 4 (2) 4 (2)

Water Temperature Rise °c 20 20

Water Flow Rate m3/sec -4 1.52 x'10-41.90 x 10 5
(1.3 x 10- ) (1.0 x 10-5)

Water Pressure Drop t1Pa 0.82 (0.60) 0.46 (0.30)

Values in parentheses are for auxiliary windings.
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PEP Standard Sextupole Parameters

Magnet Designation

Number of Sextupoles

Peak Design Gradient

Design Gradient at Pole Tip

Pole Tip Field @Design Gradient
Inscribed Radius

Core Length

Magnetic Length

Weight of Iron

AmpTurns per Pole

Turns per Pole

Design Current

Conductor Size (square copper)
Conductor Area

Current Density

Resistance @40°C

Power

Number of Water Circuits

Temperature Rise

Water Flow Rate

Water Pressure Drop

'.1
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140S250

162

15.0 T/m

7.91 T/m

0.277 T

70 mm

0.20 rn

0.25 .m

205 kg
5655 A-turns

49

115 A

5.8 x 5.8
2

mm

24.7 rnm2

4.7 A/mm
2

91.6 mn

1.22 kW

2

9 °c
-5 3

1.6 x 10 m /sec
1.03 MPa



PEP Wiggler Magnet

Magnet Designation

Number of Magnets
Peak Field

fBdi @2T

Gap Height
Pole Width

Core Length

Magnetic Length

Width of Useful Field (~B/B < 0.1%)

Magnet Height

Magnet Width

Core Weight

AmpTurns per Pole @2T

Turns per Pole

Pancakes per Pole

Conductor Cross Section (sq. aluminum)

Cooling Hole Diameter
Conductor Cross-Sectional Area

Current @2T

Inductance

Resistance @ 400C

PO\'Jer @ 2T

Voltage Drop

Stored Energy

Coil Weight
Number of Water Circuits

~Jater Flow Rate

Water Pressure Drop

Temperature Rise
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50H1200

9
2

2.40

50

240

1.15

1.20

130

500

960
3360

44210

96
3

12.7 x 12.7

6.3

121.3
460.5

968. - -'

184 -

39.1

84.7

102.7

123.4

6

3.26 x

1.38

28.8

T

T-m

mm

mm

m

m

mm

mm

mm

kg

A--turns

2
mm

mm
2

mm

A

mH

mQ

kW

V

kJ

kg

-4 3
10 m /sec

mPa

°c
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Low Field Bend Magnet

Magnet designation

Number of magnets

Field @18 GeV

J13dl @18 GeV

Pole width

Gap height

Core length

Magnetic length

Width of the useful field

Amp-turns/pole @18 GeV

Turns/pole

Conductor cross section

70C2000

24

240 G

480 G-m

O.19 m

O.07 m

1. 93 m

2.0 m

.080 m

Cooling

Current @18 GeV

Resistance

Power @ 18 GeV

Voltage drop

690

23

26.7

Air

A-turns

2
mm

30 A

0.172 n

154 W

5.13 V
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PEP Magnet Power Supplies

Ring and Injection Choppers

Magnet Circuits
Total Power No. of 600V Current Locations No. of Magnets

Required (kW) dc Choppers Rating (A) per Circuit

B+Ql+Q2 1850 6 700 4,8,12 192+ 12+ 12
Q3 134 1 300 8 12

lQF 185 1 300 8 12
lQD 114 1 300 8 12
2QF 252 1 300 8 12
3QF 196 1 300 8 12
QF 430 3 300 4,8,12 48
QD 420 3 300 4,8,12 72

8QF 130 1 300 8 12
8QD 116 1 300 8 12
9QF 99 1 300 8 12

Wigglers 180 1 700 8 9
SD 53 1 300 8 48
SF 26 1 300 8 48
HI 160 1 200 Sector 30 15

H9S 80 1 200 Sector 30 8
H9N 80 1 200 Sector 30 8
QlS 36 1 100 Sector 30 9
Q1N 36 1 100 Sector 30 9
Q18S 28 1 100 Sector 30 7
Q18N 28 1 100 Sector 30 7

Magnet Total Power No. of Circuits Rating (V/ A) Location

Ring Corrective Elements (not choppers)

Special Sextupoles 60 5 8
Q1, Q2 Trims 48 24 ::I:: 30/100 2,4,6,8,10,12
Steering Coils (transitions) 160 48 ::I:: 30/100 2,4,6,8,10,12
Steering Coils (arcs) 30 96 ::I:: 30/10 2,4,6,8,10,12
Low Field Bends 7 24 ::I:: 30/10 2,4,6,8,10,12
Rotated Quad 20 2 ::I::120/100 8

Remaining Injection Supply Requirements (not choppers)

Q6N, S thru Q17N, S 64 16 + 50/100 Sector 30
Bumps 40 8 + 50/100 Sector 30
Trim Tl 3 1 ::I:: 50/100 Sector 30
Vertical Bends 36 3 + 120/100 Sector 30
Trims T2S, N thru T18S, N 12 10 ::I::120/10 Sector 30
V and H Steering 29 24 ::I::120/10 Sector 30
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Rf Parameters (15 GeV)

Orbital frequency

Radiofrequency

Harmonic number (25 x 34)

Momentumcompaction factor

Synchrotron radiation loss per turn

Energy loss into parasitic modes per turnl

Peak rf voltage

Quantu'm 1i feti me

Circulating current per beam

Particles per beam

Synchrotron radiation power per beam

Total active length of accelerating structure

Total shunt impedance
Number of accelerator sections

Number of cavities per accelerator section

Fundamental mode dissipation per cavity

Power loss to parasitic modes1

Total available rf power

Number of vacuum pumps (500 t/sec) per accelerator section

Number of klystrons

Klystron beam voltage

Klystron beam current

Klystron beam power

Klystron drive power

Klystron output power

Klystron efficiency

Maximumenergy, limited by rf system
9 MW, 38.2-m accelerating structure

9 MW, 76.4-m accelerating structure

9 MW,152.8-m accelerating structure

Bunch length (theoretical, without bunch lengthening)

Total rf bucket height relative to beam energy

136.2693

353.21016

2592

0.00417

27.056

,3.7

48.8

50

92

4.22 x

2.5

38.2

715

18

5

36.7

0.7

9.0

3

18

62

11.5

713

15W

500

70

18.4

20.5

22.8

cre = 2.3
~ 1.4

kHz

MHz

MeV

MeV

MV

h

mA

1012

MW

m

MQ

kW

MW

MW

kV

A

kW

kW

%

GeV

GeV

GeV

cm

%

. lEstimated for a bunch length of 4.5 cm and a parasitic-mode-loss impedance
of 40 MQ.
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Vacuum System

1. Vacuum Components in One Bend Arc

Average pressure

Desorption due to synchrotron radiation
at 15 GeV

Total pumping speed

Number of distribution pumps

Pumping speed uf distribution pumps

Number of holding pumps

Pumping speed of holding pumps
Material for bend chamber

Length of bend chamber

Numberof bend chambers

Material for instrument module

Length of instrument module
Number of instrument modules

Number of isolation valves

Number of ion gauges

In situ bake-out temperature
(hot water, 18 atm)

2. VacuumComponents in One Interaction Straight Section

Average pressure

Total pumping speed per straight section

Number of pumps (pumps at rf cavities
not included)

Pumping speed per pump
Number of fast valves

Number of isolation valves

Material for vacuum chamber

Number of ion gauges

In situ bake-out temperature

3. General Vacuum Components

Number of roughing pumps (portable units)

Quadrupole residual gas analyzer

Temperature-monitoring system with 100
thermocouples (movable unit)
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5 x 10- 9

4400

20

Torr

i/sec

i/sec220

2

2

304 Stainless Steel

8

200 °c max.

6

3

1

-8 Torr2.2 x 10

10-5 Torr /sec/ma

27,400 /sec

32

800 /sec

18

100 i/sec
Al 6061-T4

13.92 m

32

304 Stainless Steel/Copper
0.43 m

18

4

4

185 °c
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Injection System

Injector accelerator

SLACbeam parameters for

Energy

Momentumwidth

Emittance

Positrons

Electrons

SLAC

injection into PEP

4 to 15

:to.5

GeV

%

,Pulse length

Particles per pulse
Positrons

Electrons

Repetition rate

Injection time

Injection System Magnet Parameters
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0.2TI x (15 GeV/E) mm-mrad

O.02TIx (15 GeV/E) mm-mrad

1 nsec

1.3 x 108

1.3 x 109

up to 360 pps
4 to 10 min.

1. Pulsed Switching Magnet (29PM1)

Maximumfield 3.3 kG

Effective length 0.96 m

Bend angle (15 GeV) 6.3 mr

Clear aperture .!:- 12.5 mm

Wave form Single 600-Hz sinusoid

Repetition rate 360 Hz

Peak voltage 3.8 kV

Peak current 420 A

Average power 3 kW

Weight 725 kg

Number required 1



2. Splitter Iron-Septum Magnet (29Bl)

Maximumfield

Effective length

Bend angle (15 GeV)

Gap height

Clear aperture
Vertical

Horizontal

Ampere-turns
, Power

10.9

3.0

65

30

Weight

Number required

.i 12.5
+115

34,000
22

9,000

1

3. Horizontal Bend Magnets (28B2 to 28B16; 30B2 to 30B16)

Maximumfield

Effective length

Bend angle (15 GeV)

Gap height

Clear aperture
Vertical

Horizontal

Ampere-turns
Power

Weight

Number required

12.6

2.6

65

30

+ 12.5

+ 25

32,000

12

2,700

30

4. Quadru20les (28Ql to 28Q23; 30Ql to 30Q23)

Maximumgradient

Effective length
Inscribed radius

Clear aperture

Ampere-turns per pole
Power

Weight

Number required

3.0

0.4

30

25.0

12,000
7.9

225

46
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kG

m

mr (3.750)
mm

mm

mm

A-t, d. c.
kW

kg

kG

m

mr (3.75°)
mm

mm

mm

A-t, d.c.
kW

kg

kG/cm

m
mm

mmradius

A-t, d.c.

kW, max.

kg
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5. Vertical Bend Magnets (28B17, 30B17)

Maximumfield 7.3 kG

Effective length 3.0 m

Bend angle 44 mr (2.50)

Gap height 45 mm

Clear aperture

Horizontal + 20 mm-
Vertical + 35 mm-

Ampere-turns 28,000 A-t, d.c.

Power 10 kW

Weight 2,250 kg

Number required 2

6. Injection Iron-Septum Magnets (28B18, 30B18)

Maximum field 7.3 kG

Effective length 3.0 m

Bend angle (15 GeV) 44 mr (2.50)

Gap height 35 mm

Clear Aperture
Horizontal + 12.5 mm

Vertical + 25 mm-

Ampere-turns 21,500 A-t,d.c.

Power 8.2 kW

Weight 2,250 kg

Number required 2

7. Pulsed Kicker Magnets (28PM1 to 28PM3; 30PM1 to 30PM3)

Maximum field '\.. 0.6 kG

Effective length
1.0 m (28PM1 & 28PM3)
2.0 m (30PM1 & 30PM3)

Clear aperture
Vertical '\.. + 40 mm-
Horizontal '\..+ 40 - + 80 mm-

Wave form Half-sinusoid, damped, 3 s long

Peak Voltage 12 - 19 kV

Peak current 10 - 15 kA

Repetition rate 360 Hz

Number required 6
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8. d.c. BumpMagnets

Maximumfield

Effective length

Gap height

Clear aperture
Vertical

Horizontal

Ampere-turns
Power

Weight

Number required

(28Al to 28A4; 30Al to 30A4).

4.7

0.5

140

+ 25 - + 40 mm- -
+ 50 - + 80 mm

23 - 50

2 - 5

f\J 225

8
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kG

m

mm

kA-t

kW (max . )

kg
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PEP Power Requirements at 18 GeV (kW)

NOTES:

aprojects overall magnet power supply efficiency of 85% and overall rf system fS efficiency of 60%.

bDipoles and insertion Quads, Q1Q2, are in series.

cBased on 120 mm design for normal cell quads. (The potential 100 mm bore design being studied can
provide ",700 kW power reduction. )

dFor operation at 15 GeV.

eActual demand per area can be 3 x 850 kW with the total power for all areas constrained to 4350 kW.

f Assumes power from existing substations.

gPower for lights, electronics, cranes, convenience outlets. etc.
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Total Totala

Region Location 12 2 4 6 8 10
Sector I

Demand Demand
30 by to

Components Power Supply

SYSTEM
I

1. Magnets and Buses

Main DiPOleS} b

500 500 500 I 1890 2224
Q1 and Q2 130 130 130

Ql-Q2 Trim f
10 10 10 10 10 10 60 70

QF's and QD's 280 280 280 840 988

All other Quads 1250 1250 1470

Sextupoles 300 300 353

Wiggler (180) 0 0

Correction Elements 30 30 30 30 30 30 180 212

Injection Magnetsd 760 760 895

(Magnet Subtotal) (950) (40) (950) (40) (2500) (40) (760) (5280) (6210)

2. Rf System 3000 3000 3000 9000 15000

3. Experimental Equipniente 850 850 850 850 850 "'100f I 4350 5120

4. House Powerg

Tunnels 40 40 40 40 40 20f 50 270

Interaction Halls 35 35 35 35 45 10 195

Surface Buildings 100 60 100 70 110 50f 20 520

MCR 50f 50

(HP Subtotal) (175) (135) (175) (145) (245) (80) (70) (1035) 1035

5. Mechanical Utilities

LCW Systems 400 60 400 60 420 0 150 1490 1490

Cooling Towers 1200 1200 1200

TOTAL 5375 1085 5375 1095 8215 220 980 22345 30055
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PEP Power Requirements (18 GeV) by Area

. Maximum(1) Approx. (2)
Power Line

Region Demand Requirement
Location System -( kU) KVA Area Sub-Station Transfers

12 ( Magnets 1120 1315 - One 1500 kVA (12.5 kV - 480 V)

and. I R.F. 5000 5880 - 12.5 kV Step Regulators
Exp. Equip. 1000

1175 }

- One 1500 kVA (12.5 kV - 480 V)
4 , '\ House Power 175 205 One 300 kVA(480-208/120

Meche 400 470 Two 75 kVA(480 - 120)
. Utilities

2 ( r4agnets 47

551
- One 1500 kVA (12.5 kV - 480 V) I J

and Exp. Equip 1000 1175 One 300 kVA (480 - 208/120)
} House Power 140

165J
Two 75 kVA (480-120)

6 1 t,1ech. 60. 70
Utilities

Magnets 2940 3450 - Two 2000 kVA (12.5 kV - 480 V)
8 J R.F.. 5000 5880 - 12.5 kV Step Regulators

Exp. Equip. 1000

1175}

- Two1500 kVA(12.5 - 480 V)
House PO\4/er 245 290 One 300 kVA (480 - 208/120)
Mech. 1620 1900 Two 75 kVA (480 - 120)
Utilities

{ Magnets

47

55}

From Existing Sub-station
10 Exp. Equipment 120 140

House Power 70 80

{ Magnets

895 1050! - One 1500 kVA (12.5 - 480 V)
Sector House PO\er 70

80 ]

Two 100 kVA(480-208/120)
30 1ech. 150 175

., Utilities

(1) Includes power supplies where applicable

(2) Assumes average power factor of .85.




