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PREFACE

The potential role of storage rings in the high energy physics
program at the Fermi National Accelerator Laboratory was recognized
early in the project. In the summer of 1968, following the design
development of the present Fermilab accelerator, a study was made of
a system of 100 GeV proton storage rings; however, with the construction
of the Laboratory underway, a continuation of that design effort was
not then feasible.

Four years later, as the accelerator came into operation and the
experimental program was initiated, it became timely to examine the
question of what major additional facilities would be appropriate
to further exploit the potential of the Laboratory. Of course, storage
rings were not the only possibility - new experimental areas, a large
multiparticle spectrometer, and a bubble chamber as successor to the
15 foot chamber then under construction had been suggested. In order
to advise the Laboratory as to which course to pursue, the Director
asked a representative group of physicists to serve as a Long Range
Advisory Committee. Following a Summer Study at Aspen, Colorado in
1973, attended by some 80 physicists from throughout the United States
and abroad, the Long Range Advisory Committee recommended, in December
of that year, that the primary goal for new construction at the Fermilab
be a storage ring system on a scale suitable to permit the collision
of 1000 GeV protons with 1000 GeV protons and with 20 GeV electrons.

The Committee, observing that in their specific choice of proton energies
they had been influenced by the possibility of an Energy Doubler,
qualified their recommendation with the statement that the largest

step in energy and luminosity consistent with technical and economic

reality be undertaken.
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Following the concurrence of the Trustees of the Universities
Research Association with the Committee findings, in the Spring of 1974,
the Director initiated a design effort on the recommended facility
and assigned to it the acronym POPAE (Protons on Protons and Electrons).
This report summarizes the first phase of that activity.

Our study has been based on the plans outlined at the Aspen
Summer Study. In addition, we have been guided by discussions at two
"workshops" conducted in recent months. The first of these was organized
by L. C. Teng of Fermilab and the emphasis‘was on machine problems -
beam dynamics of storage rings, superconducting magnets, and so on. The
second was arranged by M. L. Goldberger of Princeton University and was
coneerned with the high energy physics aspects, both theoretical and
experimental, of POPAE. It is our hope that the design will continue
to evolve with the aid of meetings of this sort in order that the plan
reflect the interests of the prospective users.

In assembling and editing this report, I have attempted to make the text
an accurate synthesis of the views and contributions of the various authors.
Should the reader find obscure passages or errors of interpretation, the

responsibility is mine.

D.A. Edwards
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I. INTRODUCTION

A. Design Goals and Constraints

POPAE as conceived at the 1973 Aspen Summer Study and recommended
for design development by the Long Range Advisory Committee is a storage
ring facility on a scale suitable to permit the collision of 1000 GeV
protons with 1000 GeV protons and with 20 GeV electrons. The luminosities

34 2sec! 32 m25ec7!

were specified at 10 for proton-proton and 10
for the electron-proton intersections. The general location of the
facility as sketched at Aspen was to be to the east of the present main
accelerator, encircling the Fermilab Village.

This phase of our study as described in this report has been carried
out with adherence as closely as possible to the above outline. There
are many ways that storage rings of various dimensions can be placed on
the Fermilab site - here, we have been concerned only with the elaboration
of the specific case suggested at Aspen.

We have found some modifications to be useful for the purposes
of our study. The major change has been in the shape of the layout.
At Aspen, a 240 meter length for each of the eight symmetrically disposed
long straight sections was estimated to be sufficient to accommodate
both the experiments and the machine components to attain beam optics
necessary for the interaction region. Further study indicated that
240 meters was insufficient, and in order to retain the 1000 GeV scale
and general locations of the rings, we have considered a racetrack form
for POPAE, with approximately the same total straight section Tength as
the Aspen version.

Another less significant change has been a slight repositioning of

POPAE in order to avoid the region of most probable expansion of fixed

-1-
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target experimental areas at the Fermilab. Thus, the layout appearing
in this report does not make use of the present external beam lines
for proton injection to one of the storage rings.

In common with the 1973 Summer Study plan, we have not yet-taken into
account any potential geometrical interference with a site-fif]ing fixed
target accelerator; however, it is a requirement that a fully developed

design not foreclose that option.

B. The Design Procedure

In order to proceed with the evolution of a design, it is necessary
to impose some constraints in addition to those in the preceding section.
For this study, we will assume that we are designing proton storage
rings to receive their injected beam from the present Fermilab synchrotron
up to the energy at which it has demonstrated successful operation,
namely, 400 GeV, and that the magnetic field of the bending magnets
in the storage rings will be 18 kilogauss.

These presumptions remove from present consideration a number bf
unanswerable questions which can be debated endlessly and, most likely,
profitlessly. Foremost among these are, first, the probability of
existence of the Energy Doubler and the intangibles concerning its
suitability as an injector for a storage ring, and, second, the
magnetic field levels that can be achieved by high quality, economical,
and reliable superconducting magnets.

The physical scale of POPAE is unchanged by this approach, for the
Aspen group had based their layout on 1000 GeV protons steered by
45 kilogauss magnets. But our more limited focus provides a mechanism

for proceeding through the design process without wkest]ing with a
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host of unknowns. Of immediate and great benefit is the unambiguous
definition of the proton injector performance, for the injector
characteristics are of paramount importance in the design of storage
rings for protons.

We will not deliberate upon the manner in which 1000 GeV proton
energies in the storage rings are to be eventually achieved; 400 GeV
proton storage rings afe interesting in themseives and could represent
an intermediate step to the 1000 GeV region. Though this report
assumes that the protons are to be injected at the energy of storage
(aside from the modest energy changes involved in stacking the beam),
we do not exclude the eventual examination of acceleration of the high
current beam in the storage rings to above 400 GeV in the event that
an appropriate injector is not provided.

We have no illusions about the prospect that a facility conforming
to our design procedure would actually be constructed. One need only
observe that the present Fermilab synchrotron was initially conceived
and funded as a 200 GeV machine, yet now offers the promise of operation
at energies in the neighborhood of 500 GeV. The same evolution would
doubtless occur in this context, in a way that we cannot visualize
at this writing. However, the procedure that we have adopted creates
a relatively definite perimeter within which to conduct our study for
the near term, and it is 1ikely that such a study will form a basis for
subsequent excursion beyond these boundaries.

A word about magnets is appropriate at this stage - even though we
speak of 18 kilogauss dipole magnets, it is presumed that whatever
dipole magnets are used in the proton storage rings that they will of
necessity be constructed of lTow or vanishing resistivity conductors in

view of the present climate of opinion regarding energy utilization.
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We select 18 kilogauss as a figure consistent both with the design
constfaints imposed on us and with a field level that is surely attain-
able with high quality in magnets having iron yokes and superconducting
coils.

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

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

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

In the same spirit, quadrupole gradients are limited to 9 kilogauss per

inch.

C. Summary and Status

The layout of the present version of POPAE on the Fermilab site
- is sketched in Figure 1. The proton storage rings have two long
straight sections, one of length 928 m to the west and the other of
length 1159 m to the east. That the straight section lengths are
unequal is a consequence of the east-west asymmetry of the system as
regards injection. On the western side of POPAE, a number of short
straight sections have been introduced into the "semi-circles" at
either end to accommodate injection equipment; these short straight
sections are not necessary on the eastern side and the corresponding
space can be filled with bending magnets thereby increasing the east
long straight section length.

The two long straight sections are parallel to each other and
parallel to the eastern boundary of the site. The racetrack shape
permits rings of a scale consistent with the design procedure to fit
in this general location on the site without crowding the power

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

TM—-547
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Insofar as the machine optics are concerned, several interaction
regions are possible in each long straight. Nevertheless, the layout
under current consideration contains but two experimental regions on
each side. There are several reasons for this. Foremost among these
is the feeling that a facility of this magnitude should not from the
outset be tailored to today's preconceptions of its use but should
rather be planned with the potential for future development. In the
abstract, one can scarcely take exception to this sentiment. For a
fixed target accelerator, it is relatively easy to allow for future
expansion of experimental areas with a minimum of repercussions for
the design and placement of accelerator enclosures and systems. In
a storage ring, however, the experimental areas 1ie between pieces of
machine, which play the role of beam transport systems repetitively
delivering beam to those areas. If at a later stage, an expansion of
experimental facilities is found desirable, one will be confronted with
an existing complex of machine enclosures, components, injection
transports, and so on, reconstruction of which would be unrealistic to
contemplate. Rather, the ultimate extent of the experimental facilities
for a storage ring system must be judged from the beginning. Of cdurse,
this argument must ultimately be tempered by the realities of costs.

A second reason for not immediately fitting the long straight
sections to the mix of interaction regions that have been recommended
to be suitable arises from the suspicion that as time goes on and
potential users think about other varieties of experiments that may be
conducted at a facility such as this, additional insertion requirements
will arise. It is obviously, we hope, preferab]e'that the design

exercise not be reset to the beginning with each new added feature.
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Finally, we offer two other reasons for leaving space in the long
straight sections. One is experimental: what degree of decoupling or
shielding is needed between detection apparatus at neighboring interaction
regions in one straight section? The other has to do with beam dynamics.
Any modern storage ring design, regardless of its apparent symmetry,
will be nevertheless a periodic focusing system of one-fold rotational
symmetry when operated for the diverse interaction region requirements
for which it has been constructed, and, at least during the initial
phases of its running, will need an allocation of adequate space for
beam gptics systems which are necessary for the compensation of the
consequences of Tow periodicity.

In Figure 1, we have indicated that there are two high Tuminosity
regions for proton-proton collisions in the west straight section. At
the south end of the east straight section, there is a multi-purpose
interaction region for the study of processes, such as elastic proton-
proton scattering, which can sacrifice peak luminosity in preference to
improved access to particles emitted at small angles from the interaction
point.

The other experimental area on the east side is for electron-proton
interactions. We have, relatively briefly, examined two versions of
the electron ring selection between which will depend on response to
this report and on cost estimates that have not yet been made. The
small dotted oval in Figure 1 represents a 10 GeV electron storage
ring in an enclosure of its own. The second option is a 20 GeV electron
storage ring fo]]owing the same tunnel as the proton storage rings.

This report represents a first pass through the conceptual
design of a storage ring system consistent with the goals, constraints
and biases stated above, and may be used as a basis for a new phase.

The next two chapters treat the proton and electron storage rings,

-6~
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primarily from the machine builders point of view. Site factors are
discussed in Chapter IV, using topographic and subsurface data developed

prior to and during the construction of the Laboratory.
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II. THE PROTON STORAGE RINGS

A. Introduction

Generally speaking, the luminosity at a beam crossing point is
proportional to the current in each beam and the Tength through which
the beams overlap and inversely proportional to an effective cross
sectional area of the beams. In pressing toward high luminosity,
primarily one seeks to increase the currents and reduce their areas.

The length of the overlap region is less useful as a variable, for
experiments are apt to prefer that the "target" size remain within
bounds appropriate to the detection apparatus.

High luminosity is of no value if it is accompanied by intolerable
backgrounds. The minimization of beam loss deserves as great an
emphasis in storage ring design as the improvement of Tuminosity;
unfortunately, it is a more difficult subject to quantify and the
ingenuity displayed by particles in straying from their assigned
course is considerable. Certain of the loss mechanisms - particularly
some of the more catastrophic ones - are reasonably well understood as
a result of experience on accelerators and storage rings, and accommodation
can be made in the design from the outset. Beyond those predictable
processes, prudence dictates that space allowances be made in the lattice
and in the aperture so that a degree of freedom will be available for
necessary modifications and additions during operation.

There are three principal means or steps in achieving small beam
size. Of these, the most fundamental has 1ittle to do with the storage
rings themselves; rather it is built into the injector. Perhaps the most
important single input parameter to the design of a proton storage ring,

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

to the beam properties of the Fermilab proton synchrotron. Secondly, the
optics in the storage ring can be arranged to reduce the béam area at the
intersection point, and this is the role of the "insertions" discussed in
Section D below. Thirdly, scraping or trimming of the beam can be used

to enhance the current density and to assist in Tocalizing the intersection
region.

High current is obtained by filling the storage rings with a suitably
large number of protons from pulse after pulse of the injector. Employing
stacking in momentum space, the ISR has achieved beam currents of 30 amperes
in each ring. In achieving long term stability of a single high current

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

beam induced pressure instability

transverse and longitudinal wall impedance instabilities

incoherent single beam tune shift

nonlinear resonances and access to them by intra-beam diffusion

effects of trapped electrons or ions
The extent to which these processes represent limitations tends to be
reflected in the choice of aperture, some discussion of which will be found
in Section E below and will doubtless appear as a continuing topic in
subsequent phases of this study.

A single-beam characteristic whose roles as a potential performance
Timitation is difficult to assess is the kinetic energy stored in the

15 400 GeV protons represents

beam. A 10 ampere beam containing 2 x 10
an energy of 128 MJ. Though a large number, there is no a priori reason
to consider it to be outside the bounds of possibility. We comment on the

problems associated with disposal of such a beam in Section H.
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Given two beams of suitable intensity and cross sectional area,
when they are brought into collision, each beam acts with an extremely
nonlinear force on the other. It has become conventional to characterize
this inter-beam effect by a single parameter - the so-called linear tune
shift. What the limiting value of this parameter may be is not known
experimentally. In the absence of a limit derived from experience, the
value of .005 for proton-proton collisions is oftén used as a reference
figure. Beam-beam tune shifts below .005 are felt to be safe, while tune
shifts above .005 are pushing toward some potential 1imit. In this
report, we do not regard any particular value of the tune shift as a hard
and fast limit; we have, however, sought to insure that interesting
Tuminosities would be achieved in POPAE without large values of the linear

tune shift.

-10-
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B. The Injector

The Fermilab acce1eratqr and its operation for the fixed target
experimental program has been described extensively e]sewhere;1 here we
will only discuss its characteristics as an injector for‘the proton
storage rings.

The accelerator consists of three major subsystems - the linac,
booster and main ring. The Tinac accelerates protons to a kinetic energy
slightly over 200 MeV. At a current of 100 mA, the emittance containing
90% of the beam is typically 10w mm mrad and some 20% less under optimum
conditions. The linac pulse length is such that the 1inac beam may be
injected into the booster for several turns; the ultimate performance
figures for the accelerator system insofar as intensity is concerned were
based on four turn injection to the booster.

Today, a multi-turn mode of injection into the booster is normally
employed. Thereby, the transverse phase space area in the horizontal
plane of the booster beam is increased by more than a factor of two at
injection. Horizontal-vertical coupling may then increase the vertical
phase space area as well. For storage ring use, in order to capitalize
on the small linac emittance, it is desirable that the single turn mode
of injection into the booster be used, provided that the filling time
for the storage rings is reasonable and that the momentum width of the
stacked beam is not excessive.

The main ring has a circumference 13% times that of the booster, and

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

proton beams of up to ~ 1013

protons per main ring cycle. We feel that
the gradual increase of booster performance over the years, particularly
as the debuncher between the 1inac and booster is exploited and as
additional radiofrequency cavities are installed in the booster to improve

13 protons per main ring cycle

acceleration efficiency, insures that 10
will be a eonservative estimate of booster performance for single turn
injection.

A circulating beam in the main ring of 1013 protons represents a
current of 76 mA. The storage rings are 35% larger in circumference
and 10A is the sort of current that one would like to store in each.

Thus, to fill one ring, some 2 x 1015

protons would be required, or
200 main ring cycles for each storage ring.
At 5 seconds per accelerator cycle, 17 minutes would be required

to deliver 2 x 1015

particles to one of the storage rings. Allowing
for filling efficiencies of the order of 50%, one requires only one hour
of accelerator time to fill both storage rings to 10A. Recognizing that
the one hour filling time is apt to be comparable to the time required to
set up the accelerator for the filling operation and to convert back to
the fixed target experimental program, we conclude that the low-emittance
single turn into the booster mode is both reasonable in filling time and
desirable for luminosity, and we will base our performance estimates
upon this presumption.

'The emittance of the main ring bgam at 300 GeV was studied by
two techniques in the spring and summer of 1973 and the results were
2

reported in the proceedings of the 1973 Aspen Summer Study. With

-12-



TM—547

single turn injection into the booster, the main ring intensity at that

2 protons per cycle. The beam profile could be

time was about 4 x 101
well represented by a gaussian out to 3 standard deviations, and the

measurements yielded

oc=2/3mmatp=79m

3/4mmat g =98m

in the horizontal plane and very slightly smaller results in the
vertical. If we define the emittance, €, as the phase space area in one
transverse dimension containing 95% of the particles, then for a

Gaussian beam

and from the average of the two measurements we have

L

€ =35 Tmm mrad at 300 GeV

A scaling of the linac emittance with momentum would predict an emittance
of ~0.029m mm mrad,

Since mid-1973, though the main ring intensity obtained from single
turn injection into the booster has increased, there has been no apparent
increase in the emittance. Pending a remeasurement, we will use the
figure above for both the horizontal and vertical emittances at 300 GeV
and scale inversely with momentum to obtain the emittance at other

energies.

-13-
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The Tlongitudinal emittance has been obtained from observation of
debunching at high energy after the rf system is turned off and from
the phase length of the bunches. In canonical coordinates, AE/wrf and
A¢rf’ the bunch area is 0.1 eV-sec.

Above we mentioned a 5 second cycle for acceleration to 400 GeV.
This short a cycle cannot be performed at present, but a limited number
of accelerator systems modifications, some of which are already underway,
will permit this cycle time to be achieved. Additional accelerating
stations are being installed in the main accelerator to increase the
ramp rate to 150 GeV/sec. At this ramp rate, a main ring cycle might
consist of a 1 second injection dwell time (as at present), 2.67 second
acceleration time, 0.33 second flat top and 1 second recovery time to
the injection level. The average main ring power for this mode is 45 MW,
which is acceptable. The rms power is 80 MW, which exceeds the present
60 MW rms power limitation of the feeder between the master substation
and the main ring. However, it is presently planned to upgrade this feeder
to 80 MW, though on an unspecified time scale. An increase of the dutyv
factor of the main ring radiofrequency system to that considered here

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

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

the following considerations3

» in addition to those defined by the design
procedure in Chapter 1:

1. We assume the two proton storage rings to be located one on
top of the other. The two oppositely circulating beams are
brought together in the vertical plane to collide with each
other.

2. The most economical normal cell is the FODO cell, and the most
advantageous phase advance per cell for the placement of beam
manipulating elements is 900. We take the normal cell length
to be 60 m, essentially the same as that in the main ring.
Four bending magnets, each about 6 m in length, are placed
between successive quadrupoles.

3. To facilitate the design of matched insertions in the straight
sections, all pairs of corresponding quadrupoles in the two
rings are assumed to have opposite focusing actions on the
two beams, hence the same gradient polarity.

4. The lattice modifications to accommodate injection to the
clockwise and counterclockwise rings will be identical in
both rings and the injection points will be symmetrically to
the north and south of the midpoint of the west long straight
section.

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

distributed so as to bring the momentum dispersion function

to zero or nearly so throughout the long straight sections.

~15-
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For injection, we follow the method outlined in the 1968 Fermilab
storage ring report4, which utilizes full aperture kickers to produce
a transient localized orbit distortion positioning the injected beam
orbit on the "other" side of a septum. It is also desirable to modify
the momentum dispersion function in the injection area so that this function
will be large at the septum position. An arrangement which provides space
for the injection elements and accomplishes the modification of the

momentum dispersion function is sketched below.

A1l of the half-cells have their normal complement of four bending
magnets except those labeled Kl’ KZ’ S and R. The bending magnets are
left out of the half-cell at S to provide space for the injection septum.
The absence of these magnets will create a distortion in the dispersion
function in addition to the one we want; to localize it to the vicinity
of S, we also leave four bending magnets out at R, 180° in betatron

phase away. Four bending magnets are also left out at both K1 and KZ’
the kicker locations. The kickers should be an edd number of quarter
wavelengths upstream and downstream of the septum. We can also enhance
the dispersion function at S by taking this odd number to be 3 (or 7, 11,
etc.), so that between K1 and K2 we have a perturbation in the dispersion

function of the form:

0 ' )
! P H

i

K1 S K2

-16~
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The injection portion of the lattice then consists of a set of four
half-cells without dipoles distributed among normal cells as sketched
above which can be moved through the north and south arcs in half-cell
increments to yield a variety of injection points.

Dispersion reduction for the long straight sections can also be
effected by omission of dipoles from the normal lattice.

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

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

| 1 |
i t v
D, Fy D,
AN
| "1 ] |
Pt t
Dy Fq Dy

drawn in thin element approximation although the argument is quite
independent of this approximation. The sum of these dispersion functions

gives that of the normal cells. Since series II is simply series I traced

-17-
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backward, the designations of the values and slopes of the dispersion
functions given in the figure are self-evident. If now one terminates
series I at D2 after a phase advance of 1800, the dispersion and slope at
D4 will be the negatives of those at D2' Adding the truncated series I
to series II, the dispersion and slope at D4 are thend - d = 0 and

-m + (m- g) = - g- respectively. A g-bend (2 cell dipoles) at D4

will make dispersion zero to the right of D4 which is then the beginning
of the straight section. Similarly if series II is terminated at F2

and added to the un-terminated series I, the dispersion and slope at

F, will be f - f =0 and m - (m+ g) = - g-respectively which is also

4
made zero to the right by the g-bend. This dispersion transition section

then looks 1like

normal curved section +l+ dispersion transition section npe
1 o e B O | l 115 |
e e | ! o !
F D F D F D F
of
D F D F D F D

the geometry being identical for both rings.

The normal cell as discussed in greater detail in Section E below
does not have its bending magnets disposed symmetrically about the middle
of the half-cell. Nor can the equivalent of two bending magnets be super-

jmposed upon a quadrupole. So slight modification of the above idealized

-18-
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arrangement - in particular in the positions and strengths of the final
bending magnets - would be necessary to zero the dispersion in a long
straight section, and so the degree to which it is set precisely to zero
is a matter of convenience. We have assumed that minor dispersion
adjustments would most appropriately be performed in the neighborhood

of the interaction regions and have been satisfied with the removal of
the bulk of the dispersion at the ends of the straight sections by the
arrangement described above.

After an examination of a large number of specific cases, we have
chosen the injection point so that the downstream end of the injection
septum will be located at an angle of 15.6122° with respect to the
dfrection of the west long straight section. This choice yields a west
long straight section length of about 930 m and reasonable clearance
of POPAE from the site boundary and the main accelerator.

Each semi-circular arc, proceeding from west to east consists of
the dispersion transition section, then the injection sequence, then 41%
normal cells, and finally another dispersion transition section.

The straight section lengths have been adjusted so that the path
length of the injection orbit corresponds to a harmonic number h = 1507
at the frequency of the main accelerator rf system. The west straight
section is then 928 m long and the east straight section 1159 meters.

The resulting lattice is summarized schematically in Figure 2;

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

next section.

-19-
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D. The Insertions

Each long straight section consists of a sequence of several matched

5 has been used, in the sense that

insertions. A modular design approach
a standard set of matching conditions has been assumed at either end of
each insertion. Namely, the momentum dispersion function, n, and its
derivative with respect to position along the orbit, n', have been taken
to be zero, while the amplitude functions join properly onto those in a
normal cell.

Thus far, there are four insertion types, exclusive of that for the
e-p crossing discussed in the next chapter. These are (1) a high luminosity
crossing insertion for experiments on rare events, two of which are in
the west straight section, (2) a high angular resolution crossing insertion
for experiments on small angle events in the east straight section, (3) a
phase adjusting non-crossing insertion, one of which appears in the lattice
of each beam between experimental crossings, and (4) a non-colliding
crossing for the west straight section. The design of these insertions

6 to obtain the

has been carried out using the computer program MAGIC
desired behavior of the amplitude function, and TRANSPORT7 to adjust the
dispersion function and the geometry of the crossings. The locations

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

1. Symmetry Considerations
In principle, as long as the desired beam geometry, optics, and
dispersion characteristics are obtained in an insertion, there need not
be any requirement of symmetry either in the focusing sequence or between
the two rings. However, since there exists an excessive degree of
flexibility in the design of insertions, imposing some symmetry conditions

will simplify the design and make the operation of the rings easier.
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First, we assume all crossings of the two beams to be in the vertical
plane and all optics matching quadrupoles in the two beams are paired
with one directly above the other and having equal strength.' There are,
then, two alternative arrangements: each pair of quadrupoles could
have either the same focusing actions on the two beams, hence opposite
gradient polarities (denoted by F/F) or the opposite focusing actions,
hence identical gradient polarities (denoted by F/D). In the focusing
sequence in each beam, we consider also two alternative symmetry
arrangements: the quadrupole focusing actions can have either reflection
symmetry about the midpoint (symmetric) or reflection symmetry with
change of sign (antisymmetric). In an antisymmetric insertion, the beam
aptics in the horizontal and the vertical planes are midpoint-reflections
of each other, hence the phase advances of betatron oscillations in the
two planes are identical. For this reason, we consider antisymmetric
insertions generally more desirable although the different optics in
the two planes obtainable in a symmetric insertion can be advantageous in
some special cases.

The vertical geometry of the beams is determined by the requirements:
(1) the beam at either end of the insertion must be horizontal and at
prescribed elevations, (2) the crossing angle must have the desired
value, (3) the vertical dispersion must be matched from zero to zero
across the insertion, and (4) the vertical dispersion must satisfy prescribed
conditions at the crossing point and, in some cases, at other locations
in addition. The F/F arrangement applied to an antisymmetric ingertion
yields a geometry for the two beams which does not possess reflection
symmetry about the midpoint. This makes the design of such a crossing

insertion more complicated. For the present design, we have adopted the
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F/D arrangement for the insertions as being simpler and more symmetric.
In addition to simplifying the design for antisymmetric insertions, the
F/D arrangement also permits the use of quadrupoles common to both
beams. To further exploit the simplicity thus acquired, we extended this
arrangement to the entire rings as stated in Section C above.
2. High Luminosity Insertion

The basic requirements for this insertion are that (a) the beams
be focused to the smallest width reasonably possible at the (vertical)
crossing in order to achieve high luminosity, (b) space adequate for
experimental equipment be allowed between the beam transport elements on
ejther side of the crossing point, (c) the length of the 1ﬁminous region
be reasonably short and well defined, and that (d) space be available
next to the outgoing beams for detecting forward secondaries. In addition,
it is desirable that the beam width and crossing angle be variable so
that a variety of experimental conditions can be produced with given beam

currents in the machine.

The dependence of the luminosity and the length of the Tuminous
region on the various parameters can be inferred from the simplest of
models. The general expression for the Tuminosity per unit volume in
the collision between two particles species having volume densities

n; and n, traveling with velocities Vl and ?2 is

£
ST = nana ¥y, (1)
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For highly relativistic parti¢les and #mall crossing angle a,
|71-72|=:2c cos %-z 2c. If each beam had a sharply defined rectangular
cross-section of width w (perpendicular to crossing plane) and height h

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

and
i+ \2
=2 (L) LR
il' 2c (ec) wh o (3)

with a distribution of luminosity along the interaction region of the

form

where the longitudinal coordinate z bisects the angle o intluded between
the two beams. The total 1uminosity,lj » 15 then independent of beam
height, and is inversely proportional to the beam width and crossing angle.
For a fixed crossing angle, the length of the luminous region varies

directly as the beam height.
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The two quantities influencing the beam width are the horizontal
momentum dispersion function H and the horizontal amplitude function,
BH' The former is made zero in the design. Then w « /fga, and
condition (a) above is equivalent to a desire for small Bye

Condition (c) implies that h/a should be small. But luminosity
is inversely proportional to a, so we want the beam height, h, to be
small. Again, there are two contributions to the beam height. Because
the two beams are initially parallel with one above the other, vertical
bends must be intreduced to effect the crossing. The vertical
bends are so designed as to produce zero vertical momentum dispersion
function at the center of the crossing region. Its derivative, on the
other hand, need not vanish; however, ”0 should be sufficiently small
so that the resulting dispersion function throughout the Tuminous region
be negligible. The beam height then varies as //E;, so we require that
By be small.

The desire for small B, and By, runs counter to condition (b). The
smaller the value of B at the crossing point, the larger its value
elsewhere in the insertion. High B8 value at a quadrupole accentuates
the effects of chromatic aberration and as the free region abdut the
interaction point gets longer, this situation becomes aggravated.

We have assumed thaf the total free drift space on either side of the
crossing point should not be less than 20 m. The maximum tolerable

- value of B in the insertion is not easily determined. We have chosen

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

maximum value in the normal cell. Then, with a maximum value of B in the
insertion of ~1000 m and a 21 m free length, we have found that the lower

Timit for both By and By at the crossing is about 1 meter.
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In both planes, B is a minimum at the center of the crossing region.
Denoting the minimum value by 8*, at a distance z from the crossing point

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

B(z) = B* + Zi (4)
B
We have assumed that the luminous region should not exceed 1 m in length;
at z = 0.5 m and for B* = 1 m, B is only 25% larger than it is at z = 0.
This variation in 8 can for all practical purposes be ignored in luminosity
estimates, as shown below.
Let ué refer to the luminosity per unit length, d{/dz, as the

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

defined in Section B) in both planes, we have

2 2 2
_ gé,, I 3 1 3mal z
b(z) =7 = ¢ (ﬁ p [BH(Z)BV(Z)]% ex"{ 2 By(2) (5)
If we require that
b(Z bt i 0-5 m) = 10"4 (6)

b(z = 0)

as a typical condition for localization of the luminous region, then (5)
indicates that as a function of B;, o reaches a minimum of ~0.76 mrad

at B; = 0.5 m as shown in Figure 4. For the design value of B; =1m,
the condition (6) yields o = 0.87 mrad. At z = 0.5 m with this crossing
angle, the beams are separated by 0.44 mm which corresponds to 6 standard

deviations and represents the 1imit of our knowledge concerning the beam profiles.
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The discussion of the preceding paragraph suggests that a nominal
crossing angle of 1 mrad is reasonable. The brightness versus longitudinal
position given by equation (5) is shown in Figure 5 for B; = B; =1 m and
o = 1 mrad. The brightness curve is indistinguishable on the scale of
the figure from the pure Gaussian beam shape associated with constant
amplitude functions. Numerical integration of equation (5) yields a

34 -2

Juminosity of 1.14 x 10 'cm” sec™). For constant B, (5) may be integrated

directly to give
I ‘ 1
= b(z)dz = ZC(&) e (7)

and comparison with equation (3) yields the conventional identification8
of the beam width, w, with 2/ o. Use of (7) then leads to the same

34 Zsecfl.

luminosity: 1.14 x 107 'cm” For comparison, the triangular
brightness distribution for rectangular beams of uniform density is
also shown in Figure 5.

The beam-beam tune shift under these conditions exceeds the canonical
figure of .005. Since we are dealing with Gaussian beams with B; = B; at
the crossing point, we may use the results of Keil, Pellegrini, and

Sessler,9 viz:

' 1 o*L
Svy, = Sva {1l + (8)
H 0 (2“)‘/2 B*Za :l
where
1
_ g-’z _I_ Y'EB*
8vg = (ﬂ) (ec) yoo* (9)
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is the "short range" tune shift, r_ is the classical radius of the proton,

p
and the factor in brackets represents the enhancement due to the variations
in B within the free length L between beam transfer magnets. For the

crossing conditions above, évo = 0,010; taking L = 21 m gives

Sy = 0.010 [1 + 0.54} (10)

which is larger than the traditional Timit of 0.005. However, on the
one hand, this 1imit is pessimistic and uncertain; on the other, the
luminosity calculated above is rather high. The present design provides
entirely adequate luminosities at a tune shift of 0.005 and allows
improvements should the true limit prove to be higher.

Because of the rather small crossing angle, to keep the "long range"
tune shift from becoming excessively Targe, the beams must be separated
at both ends of the crossing region drift space by strong, large aperture
common dipoles. For the F/D arrangement, these dipoles can be loeated
immediately next to the focusing quadrupole pairs either on the inboard
side or on the outboard side. To investigate the forward secondaries as
stated in condition (d), one must detect particles which bass through the
apertures of both the dipole and the quadrupole pair. If the dipoles are
on the inboard side, they will sweep the charged secondaries onto the
yokes of the quadrupoles. On the other hand, if the dipoles are on the
outboard side, most of the charged particles can pass through the
apertures of the quadrupoles and be swept out of the beam by the following
large aperture dipoles into the detectors. Of course, the quadrupole
pairs must then be used commonly by both beams. We have adopted this design.

Furthermore, in the beam branches going away from the crossing point, the

-27-



TM—-547

common dipole is followed by a 25 meter free drift length to facilitate
placement of detectors.

The high luminosity insertion conforming to the specifications developed
above is represented in Figure 6. A tabulation of the insertion elements

is to be found in Appendix I, Table 1.
3. High Angular Resolution Insertion

The primary role of this insertion is to permit the study of scattering
and production processes at rather small angles. For certain of these
processes, the demand on luminosity is rather minimal. The insertion
described here has had its parameters selected to make feasible measurements
on elastic proton-proton interactions in the angular region where nuclear
and coulomb amplitudes are comparable - that is, in the region where
/7?ﬂ ~ .045 GeV/c. At 400 GeV, this corresponds to a scattering angle
of 0.1 mrad. We must insure that the angular width of the beam at the
crossing point be substantially less than this figure. At the high
Tuminosity intersection described above, 8* = 1 m and the full angular
width of the beam arising from betatron oscillations is 0.32 mrad.

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

the angular width of the beam. As in the preceding case, however, we impose
the constraint that B should not exceed 1000 m or so at any point in the
jnsertion. We have chosen B* = 500 m, yielding 8§06 = 0.014 mrad, and presumed
that should further reduction in 606 be necessary, additional improvement

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

Because of the momentum spread in the beam, a non-vanishing slope of
the vertical dispersion function at the crossing would also contribute to

the angular width. For a beam stack with the design momentum width of
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sp/p = 0.3%, an n' of 0.1 would already result in a contribution to &6
of 0.3 mrad. We have therefore required that n' vanish throughout the
region of overlap of the beams. In order to not constrain too severely
the design of the insertion, we have not required that n itself vanish.
A non-zero dispersion function will contribute to the beam height, hence
to the length of the Tuminous region. This is dealt with in the design
feature considered below.

The particle detectors will be lTocated downstream in the outgoing
branches and right next to the beams. The small-angle scattered
particles will go through all the beam transport elements following the
beam optics and be detected within the beam pibe. For a long luminous
region, we require that all particles scattered at the same angle over
the entire length of the luminous region be focused at the detector;
that is to say, we want a parallel-to-point optics from the crossing
point to the detector. For B8' = 0 at the interaction point, this implies
a 909 phase advance for betatron oscillations between these locations.
The amplitude function at the detector point should be large enough so as
not to put excessive demand on the spatial resolution of the detector.
With B* = 500 m, and a 90° phase advance, corresponding to an angular
definition of .0.014 mrad at the crossing point, a B value at the detector
of 20 m gives a spatial definition of 1.4 mm at the detector. Several
types of detectors exist which can give spatial resolutions far below
this value. In addition, the vertical dispersion function at the
detector should be made zero so that the spatial definition there would
not be degraded by momentum spread.

The crossing angle is chosen to be 10 mrad; this value reflects a
compromise between the growth of the beam-beam tune shift with

decreasing crossing angle on the one hand, and the lower luminosity and
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larger total vertical bending required with bigger crossing angles on the
other. The beam crossing is taken to be in the downward direction; we
assume that for the relatively large crossing angle, this orientation will
facilitate the installation of long spectrometers which detect forward
going particles. The distribution of vertical bending magnets is adjusted
to improve access to the neighborhood of the outgaing branches of the
beams.

Since changes in B along the luminous region are clearly unimportant

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

2 1

g% = 500 m, o* = 1.44 mm at 400 GeV; the luminosity is then 5 x 10°lecm Zsec”
with 10 amperes in each beam. This is a very high luminosity for certain
of the processes of interest. At v/|t| = 0.045 GeV, the elastic scattering

eross section, do/dt, is about 100 mb/GeVz. In a Alt] interval of 10'4,

31 _-2__ -1

the counting rate at =5 x 10 cm “sec ~ would be 500/sec - a luminosity

28.y=2 1 would surely be adequate. On the other hand, at /TE]~ 1 GeV,

of 10°cm “sec”
higher luminosity is needed. For example, if the cross section at the dip
near Y|t| = 1 GeV vremains near 0.03 ub/GevZ, then in a Alt| interval of

0.05 GeV2

, the peak luminosity would yield ~4 counts per minute. - Clearly,
somewhere in the region |t| ~ 5 Gev? counting rates will become unreasonably
Tow. |

The linear beam-beam tune shift is 0.022 and is intended to be
comparable with that in the high-Tuminosity insertion; the remarks pertaining
to the beam-beam interaction in the discussion of that insertion are
applicable here as well.

A high angular resolution insertion meeting the requirements developed

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

Table 2 of Appendix I.
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4, Phase Adjusting Insertion

The phase adjusting insertion is a sequence of eight quadrupoles
occupying 90 m of straight section in each storage ring - in effect,
replacing four quadrupoles of the normal Tattice. These eight magnets
are powered separately from the normal lattice quadrupoles, and as the
name of the insertion implies, by varying their excitation, the phase
advance of betatron oscillations through the insertion may be adjusted
over a range of 100° - from 105° to 2056. The phase advance is the same in
both planes of motion. The disposition of elements is shown in Figure 8
and their parameters tabulated in Tables 3 and 4 of Appendix I.

In our provisional lattice, three phase adjusting insertions are
included in each of the proton storage rings, so that one is interposed
between each pair of proton-proton interaction regions. They play a
number of roles in our design procedure. First, they provide a mechanism
for tune adjustment, permitting us to retain a 90° phase advance in the
normal cells and also enabling us to allow the phase advance through the
intersecting insertions to be a free parameter. Second, they allow us to
explore the variation of the beam parameters as the intersecting 1nseftions
are retuned to operating conditions ether than those for which their design
was optimized. Third, by manipulating the individual phase adjusting
insertions, the effects of chromatic aberration on the Tuminosity may be
decoupled from one intersection to another. We will discuss this latter
role in Section F below.

The introduction of phase adjusting insertions is a natural consequence
of our modular design procedure, and in these storage rings where straight
section space has been reserved for future developments, they are reasonable

jtems to include at this stage. At a more advanced point in our work, it
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may prove feasible to eliminate one or more of this type of insertion;
however, for the present, the phase adjusting insertion introduces an

essential element of flexibility into the Tlattice design.
5. The Non-Colliding Crossing Insertion

With three intersection points where the proton beams collide, there
must be at least one more place at which the beams interchange their
relative position in the vertical plane without colliding. The two alter-
natives are an odd or an even number of crossings in each long straight section;
we have elected the former. As a consequence, the beam that is at the higher
elevation in the north arc is at the lower elevation in the south arc. The
injection geometry is then the same for both proton storage rings, and the
additional crossing in the west straight section may be of use in reducing
backgrounds arising at one high Tuminosity region due to interactions at the
other.

In any event, no matter where located, there is a need for a lattice
segment which interchanges the relative up-down position of the two beams.

The non-colliding crossing is shown in Figure 9. Note that this
insertion is of the symmetric type, in contrast to the others. Arranging
the crossing point to occur at the mid-point of a quadrhpo]e in the normal
sequence maximizes the drift on either side so that the beams are more

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

1. Layout

The normal cell resembles that of the main accelerator - a straight-
forward FODO cell with a length of 60 m. The provisional disposition
of quadrupole and dipole magnets is shown in Figure 10, and 1is£ed in
Table 6 of Appendix I. As noted in Section C, the phase advance of
betatron oscillations through the normal cell is nominally 90°.

The straight section of length 3 m in each half cell is intended to
accommodate vacuum equipment, correction and compensating elements, and
beam monitoring devices. At this early stage in the design procedure,
we do not feel that a 3 m allowance for these items is excessive; the
rapidity with which components populated the 2 m normal cell straight
sections of the main accelerator as it was brought into operation suggests
that a somewhat greater space will be needed in the storage rings, where
the deménds on the corresponding systems are greater than in the conventional
synchrotron. Our current prejudice is that such functions as chromaticity
compensation, nonlinear resonance-correction, and beam steering be
accomplished by elements located in these straight sections rather than by
separately excited windings of the main dipoles and quadrupoles of the
cell. Not only is the design and fabrication of the main magnets thereby
simplified, but overall reliability will likely be improved. The other
intermagnet gaps are quite small - 0.4 m between the magnetic ends. We
assume that this is an adequate space for the physical magnet ends and

interconnections between magnets, and that a cold-bore vacuum system will
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not require a pumping station between each pair of magnets. Clearing
electrodes may also be found in these gaps, though it is possible that
they may be incorporated in the magnet vacuum chamber.

In both the north and south arcs of the storage rings, the 3 m
straight sections are to the west of the dipole magnets of each half cell.
This arrangement enables the injection elements to be identically situated

for both rings.
2. Comments on Magnets and Vacuum System

Though the design of magnets is not included in this phase of the
study, a few pemarks are in order here to indicate the sort of magnets that
we have in mind while selecting dimensions and intermagnet spacings for
the calculations of this report.

We visualize the 18 kG dipoles of the normal cell as superconducting
"window-frame" magnets having an aperture which is approximately square.
They may be characterized as a low field version of the magnets developed

by Danby and collaborators at BNL.10

Even with a gap as large as 10 cm,
fhe outline of the steel yoke need be no larger than an ordinary 8%" x 11"
sheet of writing paper. The superconducting coil fits as closely as
possible to the cold steel frame to minimize the field inhomogeneities
arising from wire placement errors. Corresponding magnets of the two
proton storage rings are in a common cryostat. We have taken the vertical
separation between proton beams to be 30 cm. By extension of the roughly

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

Hand configuration.
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As implied in the layout of the normal cell, we have assumed that
a cold bore vacuum system will prove to be feasible, with a cryopumping
beam tube replacing most of the vacuum stations of the conventional room
temperature vacuum system. Recent studies of the cold bore approach have

11,12 ¢ course, there is as yet no experience with such

been encouraging;
systems in particle accelerators.

Whatever the type of vacuum system, there is no reason to believe
that the pressure requirements will be any less stringent than those in
the ISR. Thus, at Tiquid helium temperatures, the pressure should not

13 Torr (at room temperature, the same particle density

11

exceed some 5x10°
would be associated with a pressure of 3x10" " Torr). And despite the
pumping speed offered by the cold surfaces, the high desorption coefficients
of helium and hydrogen adsorbed in sufficient quantity indicate that

sufface cleanliness will remain a consideration. Surface coverages are

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

3.  Aperture

The beam pipe is taken to be circular in cross section with an inner
diameter of 7.6 cm (3 inches), primarily for reasons of vacuum stability.

12 has concluded that, based on current knowledge of surface

Benvenuti
coverages and desorption coefficients, a vacuum chamber of this size would
be adequate for the maintenance of vacuum stability in the presence of a
10 ampere circu]atiﬁg current.

The injection and stacking procedure outlined in Section G below

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

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

the magnet aperture describe a square 10 cm on a side, a somewhat larger
region of good field quality can 1likely be achieved to make allowance for
orbit distortions, beam manipulation, and less rapid degradation of
luminosity at lower energies.

The use of a circular beam pipe - particularly if it is made of a
material such as aluminum which has a high conductivity at Tow temperature -
has the consequence of removing certain of the high current phenomena from
contention as aperture determining factors.

As an example, consider the single beam incoherent tune shift.

Strictly speaking, in treating the image currents in the square steel
boundary, one should sum the appropriate series for that geometry. In

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

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

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

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

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

as in the ISABELLE design,l3

with of course the replacement of the beam
pipe radius by the steel radius in the magnetic sum. Then, for a particle
describing betatron oscillations about an orbit a mean distance x in the
horizontal plane from the center of the beam pipe, in the presence of a

ribbon-1ike stacked beam located in the median plane, the image

contribution to the tune shift is

r NR
= - =—L—- Q
6vy dvx = (1 + R) F

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

o

n-3 n n
F b_2. . l‘. X i(gia_ - xs-a
4a 2 : n b2 b2

n=3
b = radius of beam pipe
a = half width of stacked beam
Xg = distance of center of stack from center of the beam pipe

Each term in the sum contains 2a/b2 as a factor, so F actually
contains neither negative powers of a nor positive powers of b. The
leading term varies as the inverse fourth power of b, rather than the
1/b2 dependence of the plane-parallel configuration. As a result, the

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

4

tune shift due to images at the center of the chamber is 6x10 ', and

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

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

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

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

4

of the beam pipe, the tune shift at that edge would be 3x10 ' and the

5

injected beam would differ in tune by only 7x10™° from the most

distant particles in the stack.

As a second example, let us use the formula stated by Keﬂ14 to

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

required to provide Landau damping is

5
2 [%o e \ Rr%2
[ L
™y 9 ympc2 b3(n-v)2

Sv

With v =~ 35%, n-v = 0.75 for the Towest unstable mode. If we take for the

5

conductivity, o, that of atuminum at 4.5%, 8v ~ 2 x 10™°. The momentum

spread necessary for longitudinal stability can be estimated from

p o 2 b

e
s\ (2R e 12
e

This condition is most restrictive in the initial stages of formation of the
beam stack when (6p/p)/Ilé is smallest. For a single injected pulse, the
current is 0.07A; then the criterion above gives (Sp/p) > 8 x 10'6 whereas
the fully-debunched momentum spread of a single pulse would be 1.3 x 10'5.
The discussion of the preceding two paragraphs is not meant to imply
that we expect intensity dependent electromagnetic effects to be of little
concern. Rather, the point is that by a suitable choice of wall geometry

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

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

Traditionally, 3ccelerator designers have favored lattices consisting
of a reasonably large number of identical periods in order to reduce the
density of resonances arising from systematic errors in magnet construction
and from other sources associated with the periodicity of the magnet ring.
Thus, for example, there are six superperiods in the Fermilab main
accelerator and twelve in the Brookhaven AGS. Single period designs,
such as the Cornell 12 GeV e1eqtron synchrotron, have been the exception
rather than the rule.

Present storage ring designs tend to have lower rotational symmetry
than the synchrotrons due to the introduction of the various experimental
insertions. At the same time, these rings contain features, such as
beams containing a relatively broad momentum spread and regions where the
amplitude functions become very large, which can make periodicity-
associated effects of more concern than in the synchrotrons. However, in
contrast to the accelerators, a high periodicity conflicts directly with
the intended use of the storage rings and so the consequences of a low
symmetry structure must be examined.

In a ring containing N superperiods, one-dimensional structure
resonances may appear at intervals in tune of N/k, where k = 1,2,3, ... etc.
is the order of the resonance. Including both transverse degree of
freedom, the same is true for the spacing of sum resonances (ivH + jvv = k)
along the main diagonal of the tune diagram where Yy = Vys off of the main
diagonal, the spacing diminishes due to the fanning out of resonance lines
of given order from their common intersection point on the diagonal. For
our lattice, N = 1; therefore potential structure resonance lines coincide

with imperfection resonance lines.
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There are a number of measures that may be taken to reduce the
effects of systematic errors. Considering that there are 784 bending
magnets in the ring, these dipoles constitute the most 1likely source of
odd-order resonance driving tevrms. During the development of magnets,
as an appreciation is gained of the systematic higher order multipoles
in their fields, some redistribution of dipoles in the rings can be made
to reduce the strength of certain resonances in the wofking region of the
tune diagram. Though admittedly of T1imited value, this may still be a
useful exercise. A potentially more effective step is to limit the range
of tunes explored by the beam through the reduction of chromaticity. This
implies a reliance on feedback systems to provide the primary stabilization
against coherent instabilities rather than the Landau damping consequent
to mon-zero chromaticity. Finally, we note the substantial space allowance
in the Tattice for correction and compensation magnets. A major motivation
for the reservation of a 3 m drift space in the normal cell has been to
permit the addition of a suitably diverse set of multipole elements.

A quantitative examination of many of the low periodicity effects
must be deferred until a Tater phase of the study. One of these effects,
however, is of such magnitude and so immediately predictable that it
requires attention in this first pass through the design; we refer to the
half-integral stop bands arising from chromatic aberration in the quadrupoles.

The standard matching procedure for a ring with a complex lattice
having a variety of insertions leads to a system free of stopband
influences for one given momentum. In a conventional synchrotron, the

of f-momentum mismatch is relatively unimportant; in a storage ring, with
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its greater demands on momentum aperture and more exotic insertions, chromatic

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

prob]em.15
In addition the chromaticity of the lattice, having the same origin,

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

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

to modify their chromatic aberration by virtue of the momentum dispersion

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

that third integral resonances are not excited.

An obvious way of accomplishing this is to compensate the chromatic

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

B" = B'/n-

However, a major source of the aberration effects is in the insertions
where it is desirable to have n = 0, thereby precluding this scheme of
direct compensation.

That the insertions, and particularly the high Tuminosity insertions
will contribute significantly in this regard may be inferred as follows.
The increment to the chromaticity £ linear in 8p/p from an insertion may

be written

Ag

&v/(8p/p) l-j‘e(z)K(Z)dz ; K= %L

-—j(a +v)d

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

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

A£=-%—Efydz

So, the high lTuminosity insertions wherein y becomes large have dispropor-
tionate leverage on the chromaticity, and by extension, on other chromatic
aberration effects, compared to the fraction of the periphery of the ring
occupied by these insertions, yet it is precisely here that it is most
inconvenient to accommodate compensating sextupoles.

On the other hand, the normal cells of the semi-circular arcs present
an attractive location for sextupoles, where the dispersion function is
inherently non-zero. The /2 phase advance per normal cell provides a
natural meané for chromatic aberration compensation without introduction
of third-integral resonance driving terms. For, note that a group of
four sextupoles of the same strength located at corresponding positions in
successive cells contributes to the chromaticity without affecting
the off-momentum stopbands or exciting third-integral resonances. A number
of such groups, located near both the F and D quadrupoles, can adjust the
chromaticity in both planes of motion. Similarly, groups of four sextupoles
alternating in sign will influence the off-momentum stopbands without
affecting the chromaticity or yielding third-integral driving terms.

We have applied the above prescription to our lattice. In Figure 11,
we show the tunes in the horizontal and vertical planes without the
introduction of sextupoles. As anticipated, substantial stopbands appear
at the neighboring half-integral tune values, and the tune spread across
the 0.3% in momentum width stack is slightly in excess of 0.2. If we place
80 sextupoles at the horizontally focusing quadrupoles with B"2 = 645 kG/m,

and 80 sextupoles at vertically focusing quadrupoles with B"2 = 1290 kG/m
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in the normal cells of the north and south arcs, we obtain the tune versus
momentum plots shown in Figure 12, wherein the tune spread has been reduced
by somewhat more than a factor of 100. The graphs suggest that the
chromaticity can be controlled adequately by this means.

The (by now) remote half integral stopbands demonstrate their presence
by a momentum dependent "beat factor" in the amplitude function, which can
lead to a reduction in Tuminosity in one or more of the crossing regiohs in
comparison to that expected from the perfectly matched insertibns. Actually,
all that need be achieved is that the phase of the beat factor need be such
that the values of the amplitude function at the crossing points not be
significantly increased. Elsewhere, the amplitude functions must only
remain within reason. We have found that the global compensation associated
with sextupoles alternating in sign mentioned above may not be necessary;
rather, the phase adjusting insertions can be set to compensate adequately
for the beat factor. That this is so is in part a characteristic of our
particular lattice. Since the high luminosity insertions are the major
contributors to the effect and they are located close to each other, a
suitable tune of the phase adjusting insertion between these can significantly
reduce the amplitude of the wave in &8/8 throughout most of the ring.

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

of which yields a reasonably insensitive dependence of the amplitude function
on momentum at the intersection points. Only one of the high Tuminosity
regions is represented in the Figure; the behavior of the amplitude function
at the other is similar.

Our conclusion from the discussion of this section is that the
chromatic aberration effects of the one-fold periodicity lattice can

certainly be accommodated. With reasonable space allowed for correction
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magnets, other consequences of the Tow rotational symmetry are not likely
to become performance limitations. We cannot emphasize the point of the
preceding sentence too strongly. A versatile and easily manipulated set of
correction magnets is an essential system in the storage rings that we
outline here. Further study will aid in defining the scope of this sysfem.
However, we doubt that the correction requirements can be fully analyzed
without operating experience, and we feel that an early reduction in the

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

1. Geometry of Injection Beam Transport Lines*

Fast single-turn extraction from the main ring will be accomplished
at straight sections B and C in a fashion identical to that now usedat
straight section A. As at straight section A, the extracted beam at
B and C will be directed at an initial angle of 1.26° with respect to
the orbit in the straight sections. From BO and CO station marks, we
project each beam 1ine 300 feet to allow space for focusing and matching
elements and then bend at a 2700 foot radius away from the main ring
through an angle of 5.22°. At the end of the 300 foot straight portion,
the separation between the extracted beam and the main ring is about 12
feet so a separate tunnel can be started. The succeeding bend is to
minimize the portion of the main ring tunnel that must be uncovered
for the new construction. The bend radius of 2700 feet corresponds to a
90% packing of dipoles and so implies a quadrupole spacing about a
factor of two greater than that in the normal cell of the main accelerator.
The choice of 5.22° bend angle is arbitrary but reasonable and convenient
in that it brings the beam from BO to a direction perpendicular to the
east site boundary, and the beam from CO to an angle of -600 with respect
’to that boundary. We refer to the points we arrived at by this
geometrical construction as the "extracted beam points"; they define
the starting positions and directions of the injection transports to the

storage rings.

* English units are used in this subsection to facilitate
reference to existing site maps and drawings.
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As described in Section C, the injection point in the storage ring
is at the downstream end of a half cell containing no bending magnets.

The injection aim point is taken to be 197 feet (one normal cell) in the
upstream direction on a line tangent to the orbit at the injection point.
The basis for this selection of the aim point is that the injection will
be through a series of Lambertson septum magnets which deflect the beam
downward into the ring. These septum magnets require a space of about
one-half normal cell and another half-cell is needed for optics matching
elements.

The extracted beam points and injection aim points must be connected
by beam transport lines, made up of straight sections and curved portions
whose radius of curvature should not be smaller than 2700 feet in accordance
with our design procedure. For the particular locations of the injection
aim points that we have selected, the connecting beam transport lines are
as follows: for the transport line to Ring I (clockwise) a straight section
of length 220 feet connects the extracted beam point at B to a 74.4° bend
to the north injection aim point, and for Ring II {counterclockwise) a
straight section of length 477 feet connects the extracted beam point at C
to a 14.49 bend to the south injection point. This transport system
would be composed of conventional magnets since they need be powered only
during storage ring filling operations.

2. Injection and Stacking in the Storage Rings

Momentum stacking has proved to be very successful at the ISR, and
we follow the same procedure for POPAE.

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

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

orbit outward to the outside of the injection septum, so that the beam

-46-



TM—547

arriving from the main ring finds itself on the (perturbed) closed orbit
appropriate to its momentum. The duration of the beam burst is 21 usec;
the kickers then have 7 usec in which to turn off before the next passage
of the injected beam which will be along the unperturbed closed orbit on
the inside of the injection septum. After the injected beam is decelerated
to the stack, the kickers are again turned on and the injection orbit moved
to the outside of the septum awaiting the arrival of the next beam burst
from the main ring. The tumn-on of the kickers could be relatively slow.

Both the turn-on and the turn-off of the two kickers must be
ideatical but with the downstream kicker delayed by the beam transit time
of 1.2 usec between the two kickers. Inequality of the two kickers or
error in the delay times tends to leave a residual betatron oscillation in
the stacked beam, thereby diluting its betatron phase space density.
However, the required precision is not difficult to attain. The injection
scheme proposed here employs full-aperture kickers but avoids the need for
the rather complicated moving kicker-shield used for the ISR.

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

1.8 x 10°

protons which requires 180 pulses from the injector each
containing 1013 protons, if there is no loss during transfer. Assuming
that during stacking the momentum phase-space density is diluted to 75%,
the momentum width of the stack would be 180/0.75 = 240 times the debunched
momentum width of a single pulse. A lengitudinal emittance per rf bunch of
€ = 0.1 eV-sec translates into a fractional momentum spread at 400 GeV of

5 h = harmonic number
2mR = ring circumference

ép _ _he e, = 1.3x 107
when debunched. The momentum width of the stack would then be ©.3%.
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At the injection septum, the momentum dispersion function is ~4.5 m
leading to a contribution to the physical width of the stack from momentum
of 14 mm. The horizontal amplitude function at the position is ~100 m,
so for our emittance of 7/40 mm-mrad at 400 GeV, the beam width from
betatron oscillations is 3 mm. The physical width of the full stack is
then about 17 mm.

We take the distance between the "edges" of the injected and stacked
beams to be 10 mm. The distance from the center of the injected beam to
the center of the nearest pulse in the stack is then 13 mm, or 0.3% in
momentum. The initial pulse will be decelerated by 0.6% x 400 or 2.4 GeV
to begin formation of the stack. Subsequent pulses will be decelerated
through the same interval to stack on the "top." "Top" and "bottom"
here refer respectively to momentum edges of the stack farthest and nearest
to the injection momentum.

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

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

we may use the phenomenological formu]a16
2 sin ¢ -1
efficiency = |1 + ——=
3a(¢SL/ﬁ

where ¢s is the synchronous phase of deceleration through the stack, n is
the total number of pulses stacked, and u(¢s) is the ratio of the moving
bucket area at ¢s to the stationary bucket area for the same voltage. The

smaller I the higher the efficiency. On the other hand, smaller ¢s leads
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to lower rf voltage and longer deceleration time, once one adds the require-
ment that the bucket be fit tightly around the beam bunch. ~ addition

to stacking efficiency the longitudinal beam stability condition requires
Tow shunt impedance of the rf cavity, hence also favors low ¢s.

Therefore, a compromise must be made between the desires of shorter
deceleration time on the one hand and higher stacking efficiency and lower
cavity voltage on the other. For this design, we have selected ¢S = 50°
as a reasonable value. Then for the bucket area of 0.1 eV.sec, the deceleration
rate is 0.24 GeV/sec, the cavity voltage, V, is 8.9 kV, and the stacking
efficiency is 75% as assumed earlier. The time required for stacking each
injected pulse will be 10 seconds.

Prior to extraction from the main accelerator, the bunches should
be tailored to the appropriate size and shape for the storage ring. The
same ¢s in the main ring will insure that the bucket shape will be
jdentical in the two rings provided we match the bucket areas. This

-1
requires that vii_o_ 1 (v, = transition energy in the units of mcz) be
h y 2 2 t

e Y
the same for both'rings. This condition’gives a main ring cavity voltage
of 14 &V and, together with ¢S = 500, a deceleration rate of 0.54 GeV/sec.
We could consider tailoring the beam bunches to the appropriate size
and shape in the storage ring after tranéfer and concurrent with deceleration
but before arrival at the "bottom" of the stack. But it is inevitable that
some beam will be lost during the size-and-shape tailoring. In the main

ring when the tailoring is done on the controlled "flat-top" and not "on-the-fly"
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the beam loss may well be less. In any case beam loss is less harmful in
the main ring than in the storage rings where experiments are performed
internally in the rings, hence demand a high degree of radiation cleanliness.
It is also possible to stack on the "bottom." 1In this manner, one may be
able to reduce slightly the stacking time of 10 seconds, but with additional
demands on the programming of the frequency and voltage of the storage ring rf.
In the scheme described, the cavity voltage is fixed at 8.9 kV during
stacking, and the frequency modulation is identical for every pulse from
53,104,924 Hz at injection to 53,105,329 Hz at stacking, with a required
precision of + 3 Hz.

Although the frequencies of the accelerating systems of the main
ring and the storage ring can be locked before transfer, it is difficult
to insure proper phasing of the beam bunches after injection because of
the 1argé distance between the two rings. The injected beam itself,
however, can be used to establish the phasing on each pulse. During the
first passage of the injected beam at the rf station, the cavity voltage
is off, and by sensing the bunch timing, the cavity voltage is turned on
at the proper phase in the 7 psec time interval between the end of the
injected pulse and the beginning of the second passage of beam through the
rf cavity. Since the rf system must already be able to suppress empty
buckets in order to avoid unnecessary dilution of the stack, this added

bit of gymnastics introduces no additional demand.
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H. Beam Extraction

There are three circumstances under which the beam will leave one
of the storage rings, which can be characterized as (1) uncontrolled and
unplanned, (2) controlled and unplanned, and (3) controlled and planned.
By.the first we mean the disaster in which the beam somehow encounters
the wall - with over 100 MJ of stored energy in* a 400 GeV 10 ampere
beam, protective devices must be installed with sufficient redundancy
to insure that this is a very rare event indeed. In the first section of
this chapter, we remarked that the kinetic energy of the beam may conceivably
represent a potential limit to the performance of the storage rings. It
is to the degree that one is unable to prevent uhintentiona] and uncontrolled
beam extraction that fhe beam energy is such a limiting factor.

In the second category, we include those circumstances in which a
sudden malfunction of a system or a growing disturbance of the beam is
detected and the protective devices are activated to extract the protons
into a beam transport culminating in a dump. In this case, extraction
will need to be fast and comparable with the period of a single turn,
though we assume that a period of time corresponding to some tens of turns
will be available for beam manipulation prior to the onset of extraction.
Excluding the beam dump itself, the total energy of the beam is not a
limitation. Rather, the finite time (of much less than the period of
revolution) during which the beam is swept across an extraction septum
implies a possible 1imit on linear energy density rather than on total

stored energy.
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The third category is - hopefully - the normal mode of beam extraction,
accomplished frequently during studies of machine behavior or at larger time
intervals to terminate physics runs of a number of hours duration. There is
no need for urgency in this circumstance. In principle, a slow resonant mode
of extraction could be employed were it to prove advantageous. For the
present, we will assume that a single turn fast extraction system will be
used for both of the "controlled" cases.

The dispersion transition sections described in Section C provide space

for the extraction equipment, as sketched below. The beam is bumped downward

B1 K ,—L&/ B2
A g | -

f D F D F D

(F D F D F ) vertical
into thé“grdove of a Lambertson septum L by bump magné£;hBlvaﬁdeé; thén
kicked across the septum by a full aperture kicker K. The Lambertson
then deflects the beam in the horizontal plane. If the Lambertson magnet
is 14 m in length at a field of 10 kG and is followed by a 14 m drift
space, the horizontal deflection of the beam at the position of the next
normal cell quadrupole will be 22 cm, which should be ample clearance.

In order to bump the beam 30 mm from the apérture center line, Bl and
B2 must yield angular deflections of 0.36 mrad and 0.30 mrad respectively.
These are relatively sma11 magnets: at 4 kG, Bl is 1.2 m in length and
B2 1.0 m.

At the upstream end of the Lambertson, the beam is almost round,
for 8 is a maximum in the vertical plane, ~100 m, and the momentum

dispersion function is only 0.8 m. For a stack of width 0.3% in momentum,
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and using the emittance of m/40 mm mrad at 400 GeV, the beam is 3.2 mm
high and 3.7 mm wide. If we take the thickness of the septum to be 1 mm,
then the kicker must yield an 8 mm deflection at the Lambertson. Since
the kicker is located nearly w/2 in phase upstream at a point of maximum B,
it must pfoduce an angular deflection of 0.08 mrad.

That the kicker have a fast rise time is of prime importance in
reducing extraction losses on the septum. The present fast extraction
kicker in the main ring, which is 6 m in length and produces an angular
deflection slightly larger than required here, has a rise time of 1/3 usec.
Shorter rise times would have been possible at greater expense, but were
unnecessary in that application. We will take 100 nsec as the rise time;

d17 though associated with rapidly

even shorter rise times may be contemplate
increasing costs and, in all likélihood, operational problems. With 100 nsec
within which the beam is deflected .8 mm, the septum will in effect intercept
the entire 10 ampere current for 12 nsec, corresponding to an incident energy
of 5x104 joules. This amount of energy deposition is, we‘fee1, near a
tolerable level, though further study is clearly needed. It should be noted
that,:in addition to further reduction in rise time, it is also possible

to install two such extraction systems in each storage ring - a step that

may be advisable for reasons of reliability in any case.

The design of the beam dump is apt to be a non-trivial problem -

we have not as yet devoted any time to it.
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APPENDIX I

TABLE 1

HIGH LUMINOSITY INSERTION

Length (m) Field (kG) or
Element Polarity (Drift) Field Gradient (kG/m)
(10.32)
B1 Down 5.9 12.561
(11.98)
Q1 F 1.8 357.17
(1.0)
Q2 D 7.0 -328.68
(8.6)
Q3 F : 3.5 291.14
(4.4)
B2 Up 5.9 -14.318
(0.4)
B2 Up 5.9 -14.318
(8.18425)
B3 (Common) Down 5.9 17.024
(0.4)
Q4 (Common) D 5.5 -328.48
(1.0)
Q5 (Common) F 5.5 355.27
(10.5)
Crossing Point (BH=BV = 1.0m, ng=ny = 0)
(10.5)
Q6 (Common) D 5.5 -355.27
(1.0)
Q7 (Common) F 5.5 328.48
(0.4)
B4 (Common) Up 5.9 -17.024
(24.78425)
Q8 D 3.5 -291.14
(0.4)
BS ~ Down 5.9 6.479
(2.3)



Table 1 (cont'd)
High Luminosity Insertion

TM—-547
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- Length (m) Field (k6) or

(Drift) Field Gradient (kG/m)

7.0 328.68

(1.0)

1.8 -357.17
(11.98)

5.9 11.256
(10.32)



TABLE 2

HIGH ANGULAR RESOLUTION INSERTION

TM—547

Length (m) Field (kG) or
Element Polarity (Drift) Field Gradient (kG/m)

(4.2)

Bl Up 5.9 -12.836
(0.4)

Bl Up 5.9 -12.836
(0.4)

Bl Up 5.9 -12.836
(5.5)

Q1 F 2.5 305.92
(6.2)

Q2 D 5.0 ~335.65
(2.1)

Q3 F 5.0 204.48
(1.0)

Q4 F 3.0 205.07
(53.4364)

B2 Dawn 5.9 16.909
(0.4)

B2 Down 5.9 '16.909
(0.4)

B2 Down 5.9 16.909
(0.4)

B2 Down 5.9 16.909
(0.4)

B2 Down 5.9 16.909
(0.4)

B2 Down 5.9 16.909
(0.4)
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Table 2 (cont'd)
High Angular Resolution. Insertion

Length (m) Field (kG) or
Element  Polarity (Drift) Field Gradient (kG/m)
Q5 D 1.0 -67:63
(36.0102)
Q6 F 3.0 226.92
(2.3719)
Q7 D 2.0 -311.71
(6.7)
B3 Up 5.9 ~17.203
(0.4)
B3 Up 5.9 -17.203
(0.4)
B3 Up 5.9 -17.203
(34.8)
Crossing Point (B, = B, = 500 m, n} = ny = 0)
(28.5)
B4 Up 5.9 -16.685
(0.4)
B4 Up 5.9 -16.685
(0.4)
B4 Up 5.9 -16.685
(0.4)
B4 Up 5.9 -16.685
(0.4)
B4 Up 5.9 ~16.685
(0.4)
Q8 F 2.0 311.71
(2.3719)
Q9 D 3.0 -226.92
(0.4)
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Table 2 (cont'd)
High Angular Resolution Insertion

Length (m) Field (kG) or
Element Polarity (Drift) Field Gradient (kG/m)
B5 Down 5.9 16.861
(0.4)
BS Down 5.9 16.861
(0.4)
B5 Down 5.9 16.861
‘ (0.4)
B5 Down 5.9 16.861
(0.4)
B5 Down 5.9 16.861
(4.5102)
Q10 F 1.0 67.63
(69.2364)
Detector (BH =29.5m, By = 19.4 m, ny = ny = 0)
(22.0)
Q11 D 3.0 -205.07
(1.0)
Q12 D 5.0 -204.48
(2.1)
Q13 F 5.0 335.65
(6.2)
Q14 D 2.5 -305.92
(9.026)
B6 Up 5.9 -12.197
(13.274)
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TABLE 3

PHASE ADJUSTING INSERTION

Length (m)
Element Polarity (Drift) Field Gradient

Q1 F 2.0 Gl
(10.4;

Q2 F&D 2.5 G2
(10.4)

Q3 D 2.5 G3
(10.4)

Q4 D 2.5 G4
| (10.4)

Q5 F 2.5 -G4
(10.4)

Q6 F 2.5 -G3
(10.4)

Q7 D&F 2.5 -G2
(10.4)

Q8 D 2.0 -G1
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()
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205

TABLE 4

PHASE ADJUSTING INSERTION

G1
(kG/m)

111.
71

239

274.
297.
313.
325.
333.
339.
.45

342

343.
341.
.63

336

328.
317.
.99
.49

300
279

251.
218.
.01
.40
.69

179
136
92

20

45
12
29
11
59
28

15
29

77

14

94
17

127

163.

201

238.
274.

307

335.

G2
(kG/m)
163.

52.

15
67
.92
.84
.14
.78
.77
.70
.97
.16
.52
.01
.52
.88
.76
51
.01
64
52
.06
47

-76-

G3
(kG/m)

G4
(kG/m)

-110.00
-103.01
-100.26
-100.24
-102.81
-107.78
-114.93
-123.96
-134.59
-146.52
-159.49
-173.27
-187.63
-202.40
-217.41
-232.581
-247.56
-262.44
-277.03
-291.25
-305.02

-223.91

FIXED VALUE

-223.91

TM—547



TM—547

TABLE 5

NON-COLLIDING CROSSING INSERTION

BEAM I
Length (m) Field (kG) or
Element Polarity (Drift) Field Gradient- (kG/m)
(0.4)
IB1 Up 5.9 -9.033
(21.9)
IQ1 F 1.8 357.17
(0.4)
1B2 Down 5.9 18.663
(0.4)
IB2 Down 5.9 18.663
(15.6)
IQ2 (Common) D 1.8 - -357.17
| (15.6)
183 Up 5.9 -18.663
(0.4)
IB3 Up 5.9 -18.663
(0.4)
133 F 1.8 v 357.17
(21.9)
B4 Down 5.9 '9.033
(0.4)
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Table 5 (cont'd)
Non-Col1liding Crossing Insertion

Field (kG) or
Field Gradient (kG/m)

BEAM I1I
Length (m)

Element Polarity (Drift)
(0.4)

I1B1 Down 5.9
(21.9)

1IQ1 D 1.8
(0.4)

I11B2 Up 5.9
(21.9)

1102 (Common) F 1.8
(21.9)

I1B3 Down 5.9
(0.4)

[1Q3 D 1.8
(21.9)

[IB4 Up 5.9
(0.4)

-78-

9.282

-357.17

-6.892

357.17

6.892

-357.17

-9.282
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TABLE 6

NORMAL CELL

Length (m) Field (kG) or
Element (Drift) Field Gradient (kG/m)

(3.0)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4) '

D 1.8 ~-357.535
(3.0)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4)

B 5.9 18.166
(0.4)

F 1.8 357.535
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APPENDIX II
PROGRAM LISTING OF PROTON STORAGE RING PARAMETERS

The following pages constitute the output from the program SYNCH1
for one of the proton storage rings. In particular, it follows "Beam 1,"
starting from the north end of the west long straight section, heading
north in the upper ring. Lattice elements are designated in accord

with the nomenclature below.

Regular Elements

1.8 m 357.535 kG/m
Quads

1.8 m -357.535 kG/m
5.9 m 18.16634 kG Dipole
0.4 m
Drift
21.9 m
25.6 m

Nt e et s vt s “ane®

F
D
B
G
0 2.6 m
R
S
c

GBGBGBGBG

1 "SYNCH, A Computer Program for Synchrotron Design and Orbit Analysis,"
A. A. Garren and A. S. Kenney, notes dated February, 1974. An earlier
version of this code is described in UCID 10153 by A. A. Garren and
J. W. Eusebio.
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Appendix II

Insertion Elements

Three letter identifier, made up of element type, name of insertion,

and sequence number of that element type in the insertion.

Types: F,D Quads
u,v Dipoles, U = up, V = down

T Drifts
Names : H High Luminosity
L High Angular Resolution
P Phase Adjusting
M Non-Col1liding Crossing

Example: FH5 is the fifth horizontally focusing

quadrupole in the high luminosity insertion.

SS, SE Flags indicating start and end

of straight section respectively.
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SYNCH RUN FERMILAB POPAE RACETRACK . 2-3-75-

BEcssassSRI st NN As RN E IR RSN IR NN It IR N IR N IR AN IR ISR IR SERBERSERRERSRSEERREEIEERURURRETNAE
_kan_ GF L 74 357,538

“ane 6D 2 27 w357, §35
any BRMQ = 144 13573 823
waa B8O = ’/ 18'1§Q3369

T ) MAG 7/ 75,9 [N BRHO 80
wax F MAG /7 1.8 GF BRHO
wase O MAG /7 148 GD BRHO
*en G DRF /77 0.4

| awn O DRF 17 2.b

LI, DRF £/ __ 219 ]

s 8 ORF /7 85,6 N
_wwm € MMM 9 /6 8 ] B G B8 ]
aha REM // nIGH BETA INSERTIQON COMPUNENTS

HIGH BETA INSERTION COMPUNENTS

_wan__ THY ORF 2/ _ K2
TERLL DRF 7 5.1
awa TH3 DRF /7 6,2
sxa_ THY DRF 1/ 241

[ wese  THS - DRF’ £/ 140

| ame THe  DRF /7 53,4364

| _aax_ TH7 __ DRF 7/ 36,0102
*aw  THB DRF 7/ 243719
are  TH9 DRF /7 641
L1 TH1D DRF //_ 34844

M wwa TAIT  DRF 77 28,5

| waa THI2 DRF ., 77 64,5102

| wws  THI3  QRF /7. 69,2304
whe THI4G DORF 7/ 22,0
cax  TH1S DRF 77 94026
ann_ THi®  DRF_ 7/ 13,214 . L

] awa FHY MAG /7 2.5 305,924 BRNO 0,

’ enn  Fn2 MAG /77 940 315,649 HRNO ('

L__wwa  FH3 MAG 41540 204,481 BRWQ 0,
wka  Fnd MAG /7 5,0 205,072 BRWO Q0
anen  FHS MAG 77 140 67,634  BRRJO 0,

__wna_ FHE HAG 27340 226,918 _ BRHO 0

! waw FHT MAG 7 240 . 311,709 BRWO - 0,

I aww DM} MAG /7 RS »305,924 BRWO 0,

{_xwa__ QW2 MAG //_ 5.0 »335,649  BRHQ 0,

T L nAG P72 1Y 2044481 ORHD 0y
axa  Ohd hAD /7 5.0 w@U5,072 BRNU Oy
kae URS  HAG 47140 =67,634__ BRHD 0o _

[ awx  Lh8 wAGT /7 3.0 »220,918 BRHO 0,

[ aan OHT  MAG /7 2,0 »311,709 BRAO 0, ,

[ was__uni _ MaGY 1/ 549 04 BRKO #12,83626 162229 __ ,162229.
axa  UNRY MAGY 77 5,49 Oy BRHO w17420326 ,217420 217420
waw  UHE MAGY 11 5,9 0 BRKO w16,068493 ,210869 210869
wha_ UMb MAGY U_,,_Sﬁ_ 04 BRHO  _ w1@.19062 154345 154145

[T aww  VWE T MAGY /" S. o. BRHO 16,90855 $

; mikw VHS MAGY /7 8Ru0 16,86317 8
ang REM /| LOW BETA {uSE_l;Qu,ELtMENTS

LOW BETA INSERTION ELEMENTS
ana TLI DRF- /7 10,38

 amx TLE DRF /7 11498

' oase TL3 DRF /7 1.0

i _ama TL& DRF [/__8,8
TTaxw  TLS DRF T2 YL
aey  TLO DRF 7/ T,7842%
wwe TL7  ORF 7/ 10,49,

LS —INL
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TTIRIY ] DRF /7 24,7842%5
aws  TL9 DRF /4 248
wan FL1 MAG 17 1,9 328,678 GRNO 0y
anw  FLR2 MAG /7 3.8 291,140 BRKD 0,
axs  FL3 MAG /7 5.5 328,480 bHRHO 0,
_wns_ FLG MAG Lf 9,3 355,270__ BRNO_ L Py
waa  DLY MAG Tt 7,0 »328,678 HRHO [
asn OLZ MAG 7/ 3.5 =291 ,140 BRWD 0,
aws_ DL3 MAG [1 5,5 »328,480_ BRHD Os.
TTaxa  OL@ MAG /7 S.5 »355,270 6RO 0,
ana VL1 MAGY 71 5,9 0, BRNO 12,564 $
[ 1.1 vL3 MAGY I/ 549 0, . ERHQ l7.0£a__5
awx  VLd MAGY /7 5,9 0, BRHO 64479 [
ans VLS MAGY /1 5.9 0, . BRHO 11,256 §
axe  ULZ MAGY 10__5,9 0, " BRHO »14,318__ ,180955__ ,160955
waa  ULS MAGY /7 9,9 0, BRHO w]17,024 o215155 0215455
e REM /7 MUSCROSSING Insﬁatxou COMPONENTS
MUSCROSSING INSERTION COMPUNENTS
ana  TM] DRF /7 1546
[XTER L] MAGY /7 5.9 04 BRHO 9,0325 3
Taan VYME MAGY // 5,9 ['2Y BRWO 18,6631 . 8
ana. UM] MAGY .59 0, BRHO »9,0325 ,114156 L114156
aes  UM2 MAGY // 9.9 0a BRHO -1& 6633 ,235870 _,235870
Taea REM // PHASE-ADJUST!NG INSERTION convout~rs
PHASEw=ADJUSTING 1N5En710~ COMPONENTS _
ETTEL DRF /7 10,4
any REM // DPFL 125 DEG, PHASE ADVANCE
DPF1 125 DEG. PHASE ADVANCE
=xe DPI1  MAG 17 240 =313,294 bBRWO 04
_asx_ DPI2 HAG /1 245 17,135 _ ©BRKWO 04
nxa FPL3 MAG 7/ 2-5 102,807 BRHD 0,
aen FPI4  MAG /1 2.5 223,906  BRWO 0,
anx DPL4_ MAG /l_24Y 223,906 _ BRNO 0,
awe DPL13 MAG /7 €45 w§02,807 BRHO [}
ane FP12 MAG 1/ 2,5 «174135  BRHO 0,
ana  FPI)  MAG /72,0 313,294 _ BRHO _ 0,
ke REM- 1/ ovrz 185, DEG. PHASE ADVANCE
DPF2__ 125, DEG, PHMASE ADVANCE e
TTwww P21 T MAG r7aaiLe =313,294 ORWO [N
“nne DP22 MAG /7 2,5 17,135 8RHO 0,
axa  FP23 MAG Il 245 102,807 BRHO '
T ake FP24 WAG 777 2,9 223,906  BRNO O,
wxa DP24  MAG 7l 2,5 -223 906 BRKD 0,
ave DP23  MAG /1 2S5 -102.507 _BRHQ O
TTane TFPEZ T T MAG 17 2,5 »17,33%  BRHD 'S
ava PPZ2}  MAG /7 240 313,294  BRHD 0,
rew REM // _DPF3 125, DEG,PHASE ADYANCE
DPF3 125, DEG,PHASE ADVANCE )
Wi DP31  HAG 11240 «313,294 BRWO 0,
TTana  DPIR2TTT MAG 772,58 174135 HBRHO [
emw  FP33  MAG 77 249 102,807  BRWO 0,
ana  FP3I4_ MAG g;_mz.s 223,906 _ BRHO 0,
Tana 0P34 MAG 1/ 245 T m223,906 HRNO 0,
asn  DP33 MAG /7 249 «102,807 BRHD ‘"
axw  FP32  MAG /] 2,8 . =174139 _ BRHO 0,
ana FP3] MAG /77 240 - 313,294 BRKHA © O
anw REM /7 GCD 18T HALF NORMAL CELL/NORTM
DCO 18T NHALF NORMAL CELL,NURTH
ana  OCD (L] 3 /1 0O ¢ ov
abe nEN ’’ QCF IND HALF NORMAL CELLeNORTH

LTS —WL



-VS-

OCF 2ND HALF NORMAL CELL,NORTH

ana  QCF MMM 3 /7 O ¢ F }
ann REM /7 FCO 187 WALF NORMAL CELL,SOUTH
FCO {ST MALF NORMAL CELLSUYTH
“aEs FCO T MMM TS 2t F c o
P REM /7 DEO 2ND HALF NORMAL CELL,SOUTH
DCO 2ND HALF NORMAL CELL,SUUTW
akn  DCO MMM 3 /7 D [
ann REM /7 55 + ES An: STARY AND END OF LONG STRAIGHIS
$3 & ES ARE START AND END OF LONG STRAIGHTS
L1 DRF 2/ 0,0
arne ES DRF 7/ 0,0
ey REM // RT = ENTIRE RACETRACK
i T RT = ENTIRE RACETRACK
+ aaa RT CYC 620 /1l F R B 6 D ¢ 8 R F 0 ¢ D
i /40 s F 0 C D 0o _¢ £ 0 ¢ D
7] s F 0 C D 0 [ F 0 c D
7" c 4 0 ¢ 0 0 8 F 0 c ]
7 ¢ F 0 ¢ D0 _ O 8 _F o__ ¢ [}
i Y7 8 ] 0¢p UOCF OCD OCF 0tp OCF ocd OGP 0D
i // OCF OCD OCF QCD OCP OCD UCF OGO OCF OCD OCF 0OCO
i //__OCF__0CD__OCF__ UCD_.OCP_ UCO__UCF__ DCD _OCF_ OCD__OGF_ 0OCD
//OCF 0CO OCF UCD UCF UCD  OCF ™ OCDO  OCF OCD OCF  0LD
/¢ OCE QGO0 OQCF OCp OCF UCD OCF UCO OCF oCb OCF OCD
/4__OCF__OCO_ OCF__0CD _YUCF_UED _UCF OCD OCF _OCD OCF_ OCD
/7 QCF OCO0” OCF OCD UCF UCO UCF OCD OCF OCO OCF OCD
/0 c ¢ 0 ¢ D v 8 F 0 c "
LR B 6 F._.6__ B, _R 88 __0 0 __8§ F
Y2728 [ [ 0 F U o a -8 F
/0 s o 0 3 F 0 8 0 0 s F
240 8D 0.8 __F_._D__§__D___| o F
/70 ] [} o 8 F 0 s P1Y TR ona 7w
//  FPI3 TP FPI4 TP  DPy4 TP DP13 TP FPI12 TP  FPY{ THY

/7 UMY 6 ___ UMY

/7 THS FR4  THE
"6 vH2 6
4.6 UMI_6

4/ G UN4d ¢
# 6 VHS G
7/ _FHZ_ TH3_ DHY _

'0

YR2. 6 VHZ 6 VH2 6 VH2 . 6
DHS THY FH&6 THB OHT TH9 UH3 G

TH10 THiL UW4 _ G UWO _ G __UH4 G ____

FHY THB DOH6 6 VHS 6 VHS 6
VHS THy2 FHS Thi3 THi4 QM4  THS OH}

TH1S UHe  THi6 DP21 TP _ DP22 TP _ FPRI_TP.

‘I‘Il"l-l.'.ll...'.)-‘l".‘l.“..'l"""“."..'

WHE 6 TH2_ FH) _TH3 _DH2 _ THA_.

L
- VYHS

FH3

LT
UK3

TH4

/7 FP24'YP  OP24 TP DP23 TP FP22 TP FP21 E5 R B
/7 G 0 6 B R F c 0 [} ) 0 F
47 _C __ 0 _ D __ €. _ 0 _ _FCO_DCO FCD _DCO FCO. OCO _FGO
/7 TDCUTFCU ot FCO PCo FCD DCU  FCO DCO FCO DCO  FCO
// DCU FCO DCU FCO DCn FCO DCO FCO DCO FCO DGO FCO
//__DGU__FCO__pCO__FCO_ DCo_FCO OCU_FCO _bCO. FCO . DCO _FCO
/f 0CU FCU pCO FCO ©Co FCO OGO PCO DCO FCO DCO FCO
/7 0CU FCU OCU FCO OCO FCO DCU FCO OCO FGO OCO FCO
//_DCO _FCQ_ DCU_ FCD_DCo FCO _OCU _FCO DCO FCO. DGO  FGOQ
/7 DCU FCU D 8 0 F (4 0 0 s 0 F
7/t C 0 D ¢ 1] F ¢ 0 D 1 (i F
/7€ 0 D ¢c. .o _F __C __D _D__C._0__F
/7 C 0 0 ] [V} F ¢ 0 D ¢ 0 F
¢/ ¢ 0 0 § 0 F c 0 D R B 6
//_F G B R __ D 88 _TLL VLY TL2 F __ TLI DL}
A £/ TLY  FLE TLS uL2 6 U2’ 6 TL6. VL3 6 L3 TL3
' // FL4& TL7 TL? DL& TL3Z FL3 & UL TL8 DLR2 6 vLd

44 TU9 _FLY TL3_ D TL2_ VLS TLL EP31 TP . FP32 TP. DP33
// TP DP34 TP FPI4 TP FP33 TP DP32 TP OP%1 G UMt

// R F G yM2 6 yM2 TML D ML UM2 6 UMz

77 G F R yMy 6 D S 0 F ) 1 f)

LTS —WNL



7/ @ [¢] r 8 8] v $ 0 F § [v] 0
/7 8 0 F ] Q 0 L} o] F 8 0 0
M/ Te) VLI TLR F TL3 DLy T4 FL2 TLS U2 6 ut2

- 98_

/"6 TLe VL3 6 OL3 TL3 FL4 TL? TLY OL&G TL3 FL3
/6 UL TLE OL2 G VLe TLY FLL TL3 D TL2 VL3
AL _TLY ES e e e e e o
..---------..-'--‘......-..-------..-..---.-I------..-------l---.-‘-----’-.--.--.------.----...----.-----..----..--..-'.-.--’-.-.--

POS s PgIX BETAX ALPHAY XEQ DXEQ PSIY.___ _BETAY_ ALPHAY YEQ DYEa _
e ' 0,00000 0,00000  99,666996  »2,42454__ w, 059914 _ =,00276__ __ 0,00000__ 18,040772__ 47824 _ _ ,00233__,00007.
TUF T 1,80000 ,00283 7 99,7306435  2,39021°  e,062225 ,00021 201613 18,053365 =, 48544 100255 ,00019
2 R 23.70000 L07174 274323117 191607 «,057733 00021 v11998  72,14204] =31,98437 400670 400019
3 8 29,60000  ,13558  18,856706 051893 w,032881  ,00822 ___ ,13109 _ 97,934715 _=2,38743__ _ ,00782 _.00049._
e 6 30400000 411700 ~ 18,45233i°  ,49201 ,029593 00822 213174 99,855346 w2,41449 «00790 ,00019
S D 31,80000 L13878  18,446493  w,4BB&T  »,015875 400713 +13456  99,867102 2,40816 100790 =400049

& 6 32,20000 .313619  18,848175 »,51553 W U13p22 400713 +13521  97,951u66  2,38093 v00782 400019
18 38,10000 417809 274269043 _ e, 91175 __ 052706 ,015158 14638 724221087 ___1.98001___ 100668 ».00019
8 R 60,00000 (24719  99,412490 =~2,38247 0384438 401515 124970 18,172545 +UB796 100245 ,00019

e F 61,80000 25003  99,348857  2,41680 .390752 », 00374 026572  18,159923  =,48074 100220 »,00008
10 0 6440000 ,25447  87,206988  2,23777 (585064 =,00374 028692  21,118072 =,65701 100199 w»,00008
. Y .90,00000 _,36701 _ 17,799933_ 47503 (699717 _ ,02832 38143 __ 99,121282  #2,38884 __»,00011 »,00008.
1270 91,80000 4383356  1T7,805774  w, 47837 « 781955 406371 «38426  99,105375  2,39742 =,00025 »,00007
13 0 94,40000 40495  20,759842  »,65781 1947613 40037y «38871  B7,099027 2,22040 »,00044 ,00007
14_38 120,00000 ,50008 _ 99,668331 =2,42456__ 2,5978706 __ o0637) _____ ,50047__ 18,034994____ L4TT41 __=,00232 ».00007
-13 ,'F_____lzx aoooo 950292 99,731918 _ 2,39026_  2,580866 =406133 51661 _ 18,050154 _ »,48608 ___=,00255 =,000419
16 0 124440000 ,50734 ~ B7,757631  2,21%24 2,421404 =,06113 053791 21,0600747  w,66415 *,00305 »,00019
17 ¢ 150,00000 ,61708  18,452284 149203 1.261663 ,02927 063219 99,866868 =2,41383 . 00790 *,00019
1B D 151,80000 ,63286  18,446365 =, 48864  §,263242  ,03104 «b3502 _ 99,875261 _ 2,40930 ___=,00789_ 400019
19 0 154,40000 ,6%9374 21,441286 = ,566325% 1,343950 103104 «63944 87,807482 2,23216 =#,00739 400019
T20T € 180,00000 74727 99,409370 e2,38241  2,548937 ,06310 «75024  18,142509 W4BBLO  w, 00244 400019
21§ 181,80000 L75011  99,345786  2,41671  2,551285 +,0605} 076629 18,127066 =, 47927  =,00219 ,00008
220 184,40000 _ ,75456___87,244364 z.esvea 24393962 00051 _ _aTBTS2__ 21,077879_ _=,65565___ =, 00198 _ ,00008.
T3 ¢ 2i0,00000 (86709  17.800127 247501 (4255282 w,0284% 188216 99,041480 =2,38865 100015 ,00008
24 D 211,80000 ,88345° 17, 806080  «,47841  1,258085  ,03159 ¢88501  99,034770  2,39389 100029  ,00007
25 O 214440000 90903  20,760348  ©,65785  §,540215 403159 188947 87,043000 2,21718 100048 400007
26_ 8 240,00000 1,00U17 _ 99,6T1411 w2,42462  2,148886 403159 1400116 $8,065034 __ (47727_ _ 400253_ ,00007.
TTTF 241,8000071,00300 T 99,7349487 7 2,390347 2,112532 =, 07169 1,01727  18,082997  =,48754 100256 400019
28 ¢ 240,40000 1,00742  B7,760219  2,21%32  {,926138 =,07(69 1,03853  21,080893 =,64550 100306 400019
2% ¢ 270420000 1,11716  18,452083  ,49205 501223 ».03963 1413267 99,945928_ =2,41000 200790 400039
30 D 271,80000 1,13294_ 18,446051 'w,u48Bh1 450714 «,01689 _ 1483549 99,94B116_ 2,41282 __ ,00790 _m,00049
TE{T0T T 274,40000 §,15380 7 21,4407787 Te, 66321 T T, 4067947 w, 01689 1413991 87,8626821 2,23537 400739 =,00019
32 ¢ 300400000 31,24736  99,40625f =2,38235 84680 4015106 1,25078  18,112407 .08823 «00243 »,00019
33 F 301,60000 1,25020  99,342717  2,41662 (395044 »,00373 ,1.26686__"16.09al9l_ﬁ_9.¢7782 900218 =,00008
T340 304,00000 31,25464 ET,2417427772,23780 +365340 w,00373 1,20013 7 '21,037747  =,65432 000196 «,00008
3§ T 330,00000 1,36718  17,800320 LUT498 L100930 ,02832 1.3829% 98,9633b66 =2,38850 =,00019 »,00008
se o 331,80000 1,38353  17,806386  »,47845 2782385  ,06374 1,38577  98,9%9872° 2,3903% =,00033 »,00007
33U,40000 1,40912  20,760856  =,65789 2948108 406374 1,39023 _ 86,988500__ 2,21399___=,00051 =,00007

'35 T— H60,00000 1950025 99,673204 w2,42466 2,990150 409560 1050194 $6,005885 $4T7287 =, 00234 *400007
W F 361400000 1,50208 994736799 #,39039 3031537 =y05004 1,518008  18,083876 =, 48757 . »,00257 »,00010
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87 OCF 1321,80000 5,50375 99,750515% 2,39073 2,583990 =,06143; Se52374  18,057497 =, 48643  «,Q0265 »,00019
B8 OCD 1351,80000 5.,65568  18,445700 =, 4BBgd  1,263546 403097 5264208  99,893889 2.,43014 »,00787 400020
89 OCF 1381,80000 S,75095  99,32719)  2,41624  2,549378 w,06049 Se77337  18,149706  #,47893  »,00208 ,00009
90__0CD 1418080000 5,08429  17,806747 ___»e47861 __1,256553 (03193 5,89213__ 99,013333  2,39305 ____ ,00060 ,000088
91 ODCF 1441,80000 &,00383  99,752361  2,39077 2,596960 w»,06038 6,02448  18,058302 =,48646 100266 400019
92 OCD 1471,80000 6,13376  18,445632 »,48842 1,270191 03228 6414285  99,895870 2,41024 1007687 =,00020
93__OCF_ 150180000 6425303 99,329344 __ 2,41619__ 2,593567 = 06431 6,27414_  18,11890Q__ =, 47889 __  ,00208_w,0000%
94 OCD  1531,80000 6,358438 17, 606&!5 » 47863 1,277177 403171 60,3929  99,01{353 2,39296 ©,00068 »,00006
95 OCF 1561,680000 6,50391  99,754207  2,39082 2,583967 w=,06iu3 6,52526 18,059109 =,UB8650 *,00267 w»,00018
96 OCD 1591,80000 6,63384  18,445%64 «» 48840  §,263535 03097 6,64362  99,B97829  2,H1033  e,00787 00020
97 QCF 162180000 6,75111  99,323498___ 2,41614 __ 2,549%65 =, 06049 _ BaTT491 1684118091 __ w 47885 __ 300205 __400009.
98 0CD 1651,80000 é.eﬂﬂﬂb 17.806883 -,41655 1,896556 03153 6,89368 99,009415 2,39287 100072 400006
99 GOCF  16B81,80000 7,00599  99,7560%3  2,39087 2.556953 ®, 006038 7.02605  18,059920 w», 48650 100268 ,00018
100 OCD  1711,80000 7,13392 _18,445495 w», 48838 ° {,270201 ,03228 T.14438  99,899746  2,41042 100788 *,00020
101 OCF_ 1741,80000 7,25119 _ 99,521653 _ 2,41610 _ 2,593580 _ #0643y 7,27568 __18,317279___ e, 47881 _ (00204 _w,00009.
1027 7DCOT 1771,80000 7,38454  17,806952 w4787  1,277173 03174 7439446 99,007519 2,39278 w,00075 w,00006
103 OCF 1801,80000 7,50408  99,757699 2,39091  2,983944 =,06)43 T452680 18,060733 w, 40658 =,00269 »,00018
104__UCO 183} -_5,0_999._7_-éésqq__l.!efws,‘l%ém_s-4653@.,_ 10263525 _ - 403097 ___ 7,64515 __99,901621 __ 2,41050 »,00786 500020
105 GCF __ 1861,60000 7,75128_ 99,319807 _ 2,41605___ 2,549352 _»,06049 _TeT7645 184316465 _ _ @ 47878 _»,00202_ 00009
106 OCD 1891,80000 7,88463  17,807028)  w 47869 1,296560 03153 Te8952%  99,005664 2,39269 100079 400008
107 OCF  1923.80000 e.oou:e 99,759744  2,39096  2,559006 »,06038 8,02758  18,061548 w,UBb61 200270 400018
108_0CD _ 1951,80000 8,13408_ _ l5-4“5357~*_!."8639_,;1.270212<m,-OSEZQ _B.14592 __99,903454 __2,81099 400786 _»,00020
109 OCF 1981,80000 .25135 99,317962 2,41600 2,593593 w,06131 B,27722  18,115647 =,47874 200208 »,00010
110 OCD 201160000 8,38a71  17,807091 =, 47871  1,877170 L0317} 8,39601 99,003852 2,39260 =,00083 w,00006
141 OCF 20U1,B0000 8,50424  99,761%89  2,3910% 2,4985921 e,06142 8,5283% 184062367  w,40665 #0027 %400018
$112 0OCD_ 2073.80000 .esuzo 18,445287 -,aaasg~__g 263544 403096 8,64669 _ 99,905245 __ 2,41068  =,00785_ ,00020
115 0CF -2101,80000 8,75144™ 99,316117 2,415%96 2.5“933q ®,06049 8,77799  18,114828 w 47870 =,00200 ,00010
114 OCD 2131.,80000 8,88480 17,80716} e.a7573 1,256563 ° ,03153 8489679 99,002083 2,39252 100087 400006
11S OCF 2161,80000 9,00432  99,763434  2,39105 2,559029 =,06038 R.02912 18,063188 e 48669 000272 400018
116 OCD  2191,80000 .1342a 18,445217_ -,aaasqﬁ_4.270223 s03228 9,14706__ 99,906994 __ 2,41077 100785 »,00020
117 7 0CF 2221480000 9.25152 99.31q¢72 2,41591 T 2,593606  w,06134 9,27876  18,414006 w 47867 200198 =,00010
118 DCD 2251,80000 9.38488  17,807231 .u7515 1.277166 403174 9,39756  99,000356 2,39243  w,00094 =,00006
119 OCF 2281,80000 9450441 9°le§379 2439110 2,583898  =,006142 9,52990. 18,064041 =, 48672 ,00273 *,00018
120 0OCD  2311,80000 9,63433_ 18,045147_ =»,48828 _ 1,263503  ,0309% 964823 99,900699__ 2,41085 =,00784 ,00020
§21 T OCF 234180000 9,75161 994312427 2,415%86  2,549327 =,06049 9,77954 18.,113182 e,47863 «400197 400010
122 00D 2371.80000 9,88490  17,807301 =, 47877  1,856567 03153 9,89834 98,998671 2,39234 «00095  ,00006
123 OCF  24014B000030,00449  99,767123  2,39145  2,559082 #,06038 10,030567 lg,oqaase ®, 08676 000274 400048
120 0CU  2434,8000010, 13441 18,4u5078 -.aeezs T1,2702387 7 ,03228 10,14900° 99,910362 2,41094 200784 w,00020
125 OCF 2461, 8000010,25T69  99,310583 2,01582 2,593619 =,06131 10,28031 18,112355 »,47860 000196 »,00010
126 0CD 2091.8000010,38%05  17.,807372 »,47879 1,277163 403171 10439911 98,997030  2,39226  »400098 »,00006
127 OCF_ 252148000010,50457  99,708968_ 2,39119 _ 2,583875 _=,06142 10453144 18,065604  ,48679  »,00275 =400018
§280tD D 2551¢0000010.63449 18,445005 . 4BB24-  1,263493 L0309 10,04976 99,911982 2045102 =, 00784 400020
129 QOCF 2581,68000080,75177  99,308739  2,41577  2,549314 06049 10,78108  18,111526 w,47856 =.00194 ,00010
130 0CD 2611,8000010,88513  17,807444 w,4788) 1,256570 03153 10,89989  98,995431 2,39218 200102 400005
131 OCF_ 2641,8000011,00465 _ 99,770811 - 2,39124 __ 2,559075 »,06038_  11,0%222 _ 18,066494 __ »,48683 0002786 __ 400018
T2 0C0 2671,8000011,130457 18,444933 -,ue&az {,270244  ,03228 11,15053  99,91355%9  2,41180 10078% e,00020
133 OCF 2708+8000081,25186  99,30689%  2,41572  2,593632 w, 06131 11,28185  18,110695 - »,47853 000193 »,00010
150 OCD 2731,8000011.38%22  17,807519 -,47;33_”31277159m_".osxvtwwm_“vjl.uooéﬁwn_gg.2936Zﬁ.__aLézzin.__zlnninh_zgnnaai
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135 OCF 2761,8000011,50474 99,77265% 2.39129 2,583852 we,06142 11,83299 16,067326 w», UBbES =, 00277 »,00048
136 0CD 27931.,8000011 43485 18,444862 48820 1,263482 + 03096 11,65130 99,915093  2.41118 v, 0078% ,00020
$37- OCF 2821,8000011,75194 99,395052 2,41568  2,549301 w, 06049 11,78262  18,109862 »,47850 ,00192 ,00010
138° 0CD 28%51,8000011,88530  17,807S87  =,a7885  1,2586578 403150 _ 11,90140  98,992364  2,39201 _ _ 400110 _.00005
1307 OCF T2881,8000012,00482 7 99.774499 7 2,39133  2,559098 =,06038 12.03376 18,06B8160 =,486489 00277 ,00018
TA00C0 T 2911.8000018,13473 T 18,4470 e 4BB18T 1,270255 203228 12,15207 99,916583 2,41127 200782 =,00020
141 OCF 2941,8000082,25202  99,303208  2,41%3  2,593644 »,08131 12,28339  18,109027 w,47846 «00190 »,00010
142 _DCO  2971,8000012,38539 _ 17,8076%9 =, u47BRT  1,277156 403171 ' 12,40222 _ 98,990896 2,39193 _ »,00114 »,00005
143 T OCF 3901.5000012.50090 TT99, 77634272, 59138 2,5083829  m.06142 12453454 18,068996  m,4B693  ©,00278 =,00018
104 OCD  3031,8000012,63488 18,444747  =,u8816 1,26347) 03096 12,65284  99,918030 2,44135 »,00781 ,00020
145 0 30350,4000012,65568  21,436987  e,66271 {,543979  ,03096 12,65726  87,840076  2,23402 «,00729 ,00020
46 € 3060,0000012,74926__ 99.}64735 _®2,3B137 _ 2,546993 08302 12,76B09 __ 18,125260 L HBB18 _ «,00216 _ ,00020
147 F 3061,8000018,75210 99.30136% 41558 2,549288 m, 06049 12478416  18,108190 »,476843  «,00189 ,00010
148 0 3064,4000012,75055  B7,20%640~ 2423662 2,392013 =,08049 $12,80542 21,054780 ~,654B88 e,00162 ,00010
149 € 3090,0000012,86912  17,800145 47456 _ 1,253805  =402843 _ _ 12,90014 __ 98,9954{7 _e2,38858 100103 ,00010
150 D 3091,8000012,88547 __ 17,807732 __ e, 47889 _ 1,256577 _ 403154 12,590299 _ 98,989471 _ 2,39185__  ,00137__,00005
151 @ 3090,4000012,90705 20,7646%2 m,65838 1.538571 ~ ,03154 12,90745  87,01{0809 2,21532 «00130 400005
152 3 3120,0000013,00215  99,715995 #2,42565 2,145889 403154 13.01910  18,082344 247719 «00259 400005
153 F 3121.8000013,00498 _ 99,779366 ,3v1u7 2,109570 _»,07160 _ 13,03520___18,101924__ =, 48838 ,00279_ .00018
1S4 0 3124,0000015,00941™ ©7,798940  "2,21639 1,923414 " *007160 13,05643  21,104034 =,66627 100328 ,00018
155 € 37%0,0000003,11912" 18,452060 s49250 (5008447 %4 03954 13,15009  99,993694 =2,41417 200783 00018
156 D 33151,8000013,13489  18,444395  w», 48842 450486 =,01682 13,15331  99,990313 2,41486 «00781 ©,00020
157__R 317347000013,23748___72,022754__=1,9%638____ 082230 _»,05682 ~ 13,222568___26,987489 ___ L9186 00342 =,00020
156 B 3179,6000013,24870  97,468256 =2,35447 006662 =,00880 13,26508 18,524838 «51570 200224 »,00020
159 6 3180,0000013,24935  99,362573 w2,38132 0003142 »,00880 13,26855  18,123215 J08836 200236 »,00020
160 F 3181,8000013,2%419 99,299172 Pyd1552 wo 012608 =,00857 13,28462 18,105350 ", 47815 200188 »,00010
161 3182.2000013 25284 974377766 2,38799 ___w, 016036 _» 00857 13,28810 ___18,498728__ »,50529_ 200184 =,00010
162 5 3188,1000013,26009 71,5996927  1,98190 «,042966 =,00056 13,33077T 26,822028 »,90539 000123 @,00040
163 R 3210,0000023,36923  17,800020 7452 @ 055172 *,00056 13,40062  99,017001 *2,39119 »,00106 =,000)0
164 88 3210,0000013,36921  17,800020 47452 __»,055172 »,00056  _  13,40062 __99,017001_ =2,39119_ =,00106 w,00010
165 D 3211,8000013,385%6 _ 17,807721 _ »,47893_ _ »,058596  #,00328 _ A3,40347 __99,018400_ 2,39043_ =,00120 =,00008
166 QO 3214,4000013,40784  20.764815  w,05842  «,067111 =,00328 13,40793 87,006540 2,21413 «,00133 =»,00008%
167 & 3240,0000013,50224  99.719116 =2 142573 =,350953 =,00328 . 13,5194  18,121104 247827 =,00260 =,00005
168 F _3241,8000013,50507  99,782502_ 2,39154 __ ,150273 _ ,00403 13,53547__ 1B,139748__ = UBR92 _ =,00280 »,00018
169 0 3244,4000013,50949  87,801709 2,21646 ;139807 400403 13,95666 21.143897 »,66652 =,00324 #,00018
T78 8 3270,0000013.61920° 10,451941 (49262 =,036757 " 400403 13.65062 7100,034387 "a2,41514  «.00783 =,00018
171 © zzvx.aooooas 63498  1B,440204 m 4BB10 «,031010 00241 13,65344 100.032977 2,41590 *,00781 ,00020
t12_ 0 3274,4000043,65585  21,436144 -,66265 =g 024753 400248 13,65785  B7,932288 _ _2,23821  +,00729 _,00020
1737 8§ 3300,0000013,749447 99,360895 7 =g2,38129 D36853 T ,00241 13,7686  1B,3125421 8862  w,00215 ,00020
17¢ F 3301,6000013,75228  99,297513 2,41548 2039538 ,00056 1378471 184106777 =, 47797 =,00188 ,00010
175 0O 3304,4000013,75673  87,202315  2,23652 040982 400056 13,80597  21,050834 =,65436 *,00181 ,00010
176 8 _3330,0000013,869239__ 317.,800027 _ p47450 4095192 400056 13,90071 _ 99,017035 _%2,39119 __ ,00106__ ,00010
HTTT 0 T 333y, 80000!3 88565  17,807800 =,47895 2098613 (00327 13,90356  99,018454  2,39043 +00120 ,00005
178 0 3334,4000013,90725 20765011  w, 65844 067125 J00327 13,90802  87,046615 2,21413 200133 ,00005
4198 3360,0000014,00253 __ 99,721080 _»2,42579 ___,1%0933 _ 400327 ___ 14,01950 __ 18121206 47827 __ ,00260 ,0000%
180 F  3361,6000014,00%16  99,784466  2,39159 150251 _*o00403  _ 14.03556 _. 184139849 -, w,0B893 . . 00280 _.0n018.
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18y 0 3364,0000014,00958  87,803419  2,21650 2139784 =,00403 14,09678  21,14480S =, 66652 200327 400018
182 8§ 3390,0000014,11929  18,451955 49254 1036727 »,00403 14415070 100,034353 =2,41514 200783 00018
183 © 3391,8000034,33507 18,044126  w,4BB08" 2030978 =,00248 14,1535%  100,032923 2,41591 000781 w,00020
186 O 3394,4000034,155% 21,435948 »,006262 024716 w, 00241 14,15794 87,932213 2,23821 00729 «,00020
“18% s 3420,0000014,24952  99,358923  #2,38124 «,036937 w,00241 {4,26873 18,125118 1YY 200215 ®,00020
186 F 3421,6000014,25287  99,295550  2,41543 «,039622 »,000SS 14,28480  18,100678 w4779 000168 »,00030
J187_ 0 3424,4000034,25081  B7,200605 __ 2,23647_ «=,041059 «,00055 $4,30606 ___21,050726 __»,65836__ ,00161 »,00010
“188 8 3450,0000014,36938 17,800033 W47448  «,055213 =,00055 14,40080 99,017069 »2,39120 200167 »o00010
189 0 3451,8000084,38574  17,807878 e, 47897 w,058631 e, 00327 14,40365  99,018509 2,39042 w,00121 »,00005
19¢ O 34SHH0000)4,40732 20,765208  »,55847 «,067139 w,00327 14,40881  B7,046690 2,21412 =,00133 »,0000%
191 8 3080,0000014,50242 _ 99,723060 «2,42583 _ «,150912_ =,00327 __  14,51959 _ §18,121309 __ ,47827__ =,00260 +,00005
§92 F 3481,8000014,50525 99,786429  2,39164 w,150229 400403 14,53565 18,139950 @, 48893 «,00280 «,00018
193 0 34B4,4000034,50967 B7,805129 2,21655 ,139762 400403 14455684  21,144113  w,686%2 =,00327 »,00018
.19 g____QS&O-0&90010.Q1?11__mtﬂ.aslﬂiﬁ,__..a9zse_m.p.olbbob,_".ooaos 14,65079__100,034318 __w2,041513__ #,00783 »,00018
395 D 3511,8000034,63515 _ 18,044047 _ = 48806 _ e,030945_ 400241 ______ 14,65361 100,032068___ 2,44591 _ *,00781__.00020.
196 0 3514,4000014,65602  21,43575)  =,06260 w,024679 00241 14,65803 87,932137 2,23822 *,00729 ,00020
197 8 3540,0000034,7496)  99,356951 «2,38120 037021 00248 14,76882 18,125216 LU8862 ®,00215 400020
498 F_ 3541,B8000014,75245__° 99.zvssae 2,41538  ,03970% ___ 00055 14,78489__ 18,106575. _ w, 47796 __ «,00166__ 00050
19970 3544,4000014,75690  O87,198895  2,25643 (041136 400055 $4,80615 21.05064B w,65436 =,00161 ,00010
260 & 3570,0000014,86947 17,800040 47447 ,055233  ,0005S 14,9008% - 99,017104 w»2,39120 100107 400040
201 0 3571.8000014,88583  17,8079%8 w,47899 - ,058648 ,00327 14,9037  99,018564 2,39042 ' 400121 ,0000S
202_0  3574,4000014,90741 _ 20,765405 _ »,65809 ~  ,067153 (00327 ___  14,90820___B8T,046766 __2,21442 _ L00134__,00005
203° S 3600,0000015,00250  99,725032 w2,42587 ,150892  ,00327 15,01968 18,0121412 7828 100260 ,00008
204 F 3501.8000015,00533  99,788392 2.39359 «150207 w=,00403 15,03573  18,140051 =, 48893 200280 ,00088
205 O 3604,4000015,00976 B7,B06839  2,21680 139739 «,00403 15,05693  21,144220 w, 66652 000327 ,00018
206 8 363040000015,11946 _ 18,45192) .aozsa 9036666 _=,00403 _ 15,15088 _100,034283 _=2,41512 400783 _,00018
207 D 363045000015,13524 18,443967 T w 48803 ,030933  w,0026) 15,15370 100,032833  2,4159% 200781 »,00020
208 O 363U,4000015,15611  2]1,43555%4  e,b66258 024642 w40024% 15.15812 87,9320601 2,23822 ¢00729 =,00020
209 8 366040000015,24970 _ 99,354979 _*2,38115 =, 037104 w0024y 15,2689§  18,125113 _ _ 48861 __ _,0021S e,00020
210 F_ 3661,8000015,25254 _ 99,291623  2,41533 _ w,039788 =,00055 __ _ __ 15,28498 __18,106470 __ =, 47796 ____ ,00188 *,00010
21107 36064,4000015,25699 B7,19718% 2,23638 041214 400055 15,30624 21,050540 =,65436 200160 «,00010
212 & 3690,0000015,36956  17,800047 47445  #,059253 =,00055 15,40098  99,0{7140 *2,39121 ®,00107 »,00040
213 DPL3 3692,0000015,38777_ 37.788162 »,46729 __ «,058976 »400320 __ 15,40414 _ 99,266526 __ 2,27044__»,00323_w,00005
REGTTIP 3102, 0000015,49029 7 34,91473518 #1,17969 #,092294 w,00320 15,42588  S8,747741 1,62560 ®,00175 ,0000%
215 DPI273704,9000015,46681  40,939889 T#1,21995 «,099923  e,00290 15,03313 S51,436533  .1,30669 w,00189 ,00006
216 TP 3715,3000015,49730 72,880204 w1,85220 = 130037 w=,00290 15,47581 29,9506t} «TS927 00247 »,00008
217 PPI3 3717,8000015,50251  78,775518  »,46804 _ =, 134107 _*,00035 1548972 _ 27,827945 __ ,10335__»,00267 «,00011
T2187 TP 3728,2000015,5222077790,184537 T 9, 02898 e 437718 we00035 15,54873  29,606469  e,27436  ®,00376 »,00044
219 FP14 3730,7000015,52669  84,095840  2,97891  w,131429 00534 15,5614  34,518575 w1,75854 «,00423 »,00027
220 TP 3743,1000015,55747  34,B33810 §,75782 «.075944 00534 15.59236 83,919368 =2,99154 #,00705 ©,00027
221 DPI4 3743.6000015.,57001  29,952282  ,260243__ w,00638] 400238 ___  15,59685 _ 90,091625 _ .60936 _=e00735 _ 400003
222 1P 3754,0000015,62809 284353983 »,1087) «,04186086 ,00238 15,6165} 79,063337 045106 ©,00708 400003
223 OP13 375645000015.64174  30,525517 e, 77394 «,036607 00163 15,62170  73,235083  1,84279 =,00676 ,00047
2280 TP 376699000015,68565 52,2890235 «1,31874 =,019617 00163 15,65195 41, 397259___1.21950 ®, 00503 00017
225 FPI2 3769,4000015,69079  59,605911 =1,03992 «,0i5606 400158 $5,66234___35,380575_ _ §,18171_ w,00460 ~ ,00018
226 19 3179, 8000019, 71223 100,4odley -2.20299 000798 .ooxsa 13272969 16|t21061 0477287 =,00272 400018
227 FPLL 3781.8000015.71536 100,152436  2,43393 003866 100147 15,7475 18,320208 4.,111.}7 e 00248 400006
Rl THY 378640000015, 72270 80,920940 2934357 030028 200247 15,78029 23,387646 w, 76306 w,00222 .00006
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27% 6 4077,8185016,52534 502,349081  «,07970 =,322400 00022 16,25573 503,317573  #,09052 1,84753 w»,02211
276 UM4 4O083,7185016.52720 503,332030 @,08690 «,321085 ,.,00022 16,25760 504,455420 @,10238 1,69539 =,0294Y
27T 6 408U,1385016,52733 503,401868 #,08770 «,320995 ,00022 16,25772 504,537615  »,10314 1,68361 »,02947
278 UHG  4090,0185016,52919 504,47908¢ ~,09488 «,319663  ,00023 16,25958 505,824375. =, 11496 1,48804 =,03683%
279 6 4090.4185016,52932 504,555303 »,09%:8 «,319572  .00023 16,25971 505,916661 #,18%76  $,47331 »,0368%
280 FW7 4092,4185016,52997 459,326705 22,00279 »,304343  ,01488 16,26032 555,067793 =25,21883  1,46772 ,03119
281 THB ¢ qu:"QHMhSNW 360,891718 19;“9769 _w,R6904)  ,01488 _ 16,26093_ 681,157083 #2T7,94079 1454171 (03119
2827 Dn& "4097,7904d016,53239 3994569410 1,90261  »,204052° ,00199 16,26159  743,253099  8,31293  1,51670 »,04765
2583 ¢ 4098,1908016,53260 298,031910  1,95614  »,203257  ,00199 o 16,26167 T736,597Bu8  B,27520  1.49764 *,047858
284 VHS 410440904016,93588 2754497377 1,86317___m¢@31520___ 00499 16,26304 642,234757 _ T.T1889 _ 1,23843 e, 04021
285G 43104,4904016,53011 274009437  1,085668 _ w,230724 _ 400199 16,26314 _636,074895 ___7,68096 __1,22235. ».0402).
286 VAS G110.3904016,53968  292,651057  1,76329 «,218975 L00199 16,26473 548,723732  T.l2446 1,0070% =,03278
287 6 4110,7900036,53993  251,243031  §,7%678 w=,218178  ,00199 16,2648 543,039260 7,08673 «99392 =, 03278
288 VHS  4116,69004016,54383_ 251,06585%2__ 1,66299 _ _w, 200416 __ 400199 _ 16,26672 _462,700025 __ 6,53022 . 482249 _#,02534.
289 G 411740904016,54410 229738071 _ 1,65647 «,205618 400199 “16,26686 4ST,490941  6,49249 181235 «,02534
290 VA5 4122,9904016,548%7  210,746661  1,56229 w,193846 400200 16,26910 384,163634 5,93598 1684BY »,01790
294 G 4123,3904016,54868 209,499639  §,55576 w,193047  ,00200 16,26926 379,429940 5,8982% 167765 w, 01760
292 _VHS  4129,2900016,55336 _191,698B887__ 1,46123_ _ w,}81264 400200 A6,27199 __313,114561 __ 5,34175 59400 w,01008
293 TH1Z 4133,8006016,55724 178,890687  3,38747 e,172252 400200 16427447 266,848b10 4,91633 «54682 =401046
294 FHS 4134,8006016,55914 175,1908466  2,25859 169820 002868 16,27508 258,429040  3,51743 +53773 =,00772
295 THI3 6204,0370016,76989  29,383416 =,15255 .028430  ,00286 16409135  19,407763  =,06518 000332 e,00772
296 THIU 4226,0370016,86006  52,9507233__ »,91869__ 093425 _ ,00286 16,62065__ 47,320306 _»1.,20357 ___»,16650 »,00772
297 DHA  4229,0370016,86027  6&,962147 »3,96488 106595 00737 16,63044  48,104609 095427  w 17777 00029
298 THS  4230.0370016,8705%  75,141180 w4,21439 113981 400737 16,63381  46,235784 491455  *417747 00029
299 DOn3 4235,0370016.87604 16845276935 e)16,78418 2175668 101810 16,605608. _24,5088592__ _2,848607 _ =,14325 ,01294
300  TH4 _ 4237, 13700!6 87969 206,419103_«20,30697 2213672__.,01810 16,67390___14,23508765___2,070230 _=.11604 ,0129%
301 FHE aaaz.:svooxb.aaesv 2834595996 14,49586 «231389 w, 01139 16,77512 64100296 w1067 =,08261 L0011}
302 THE 4248,3370016,8B748 132,464907 9,88012 (180801 &,01139 16,89293  13,851151 =»1,13947 ®,07575 ,00111
303 DRI 4250,8570016,89097__102,956452 _ 2.48041.___n143287__3.00279_______J§a91755___15|i2169HN_,!.AB&5&___!.06710__;on525
304 TH15 4259,8650016,90873  63,838851  §,85341 2118082  », 00279 16497824  32,464991 #1,10255 =,02025 400528
305 URG  4265,7630016,92040  44,385506  J,44372 101606 w, 00279 17,00215  47,.850653 w1,50520 »,00510 »,00012
306 TH1® W279,0370017,00351  18,501583 .52132 004512 =, 00279 17,03291  99,835690 =2,411340 «,00673 »,00012
307 __DP2) 428140370017,02129 _ 18,339480 e 43776 ,061905__ ,0001S_ ___  17,03604 _100,086986__ 2,20941 _ =,00666__.00019
3086 TP 4291,4370017,08969 34350219 TTw1,12097 V639247 00015 17.05761 59,212164  §,64087 =,00465 ,00019
309 OR22 4293,9370037.10041  40,060323 wi,15698 063535 «,00006 17,06480  S1,830173  1,31981  =,00418 ,00018
3107 TP 4304,3570087,13177  70,439477 e),76410 4062938 e,00006 17,10721  30,100000 o 76963  «,00232 400018
331 FP23 4306,8370017,13716  76,008785 =,42784 061289 =, 00126 17,.12106  27,932815 31108 «,0019% _,00014
BLET TP B317.8370017,157863 86,591229 = -.53911 .oaezza Tmy 00426 17,18002  29,542274 «,26580 =,00049 ,00010
313 FP24 4319.7370017.16230 = B0,683181  2,86992 V42641 ©,00337 17.19273 3u.aoxzau wi, 74508 ©,00086 ,00013
314 TP 4330,1370017,39442 33,370802 l;él?§5 1009628 _ »,00347__ §7,22383 __83,417491_«2,96803 200134  ,00013
315 DP24 4332,6570017,2075)1  28,732086 42404} ,002061 _ 400293 __ __17,220835___89,525084 61080 200139 00001
316 TP 4343,0370017,28758 274713993  ® 14248 w,028430 =,00293 17,24815  78,47933} 5129 ¢00213 00007
317 DP23 4345,5370017,20850 304035778 »,80123 «,036505 »,00355 17,25338  72,6768258 §,83186 000226 400003
318 TP 4355,9370017.32363 524614051 __71,36976__ «,073459 _-%,00355 17,28387 __ 4140576806 ___ 1,20857. 000256 400003
319 FPEE 4358,4370017,83070  60,264507 #1,69858 w,082649 =,00580 17,29434  35,092825  1,47105 000263  ,00002
320 TP 4s6B,6370017,35182 7 102,568019 #2,56906 w,b22200 w,00380 17436215 16,043795 40828 - 00284 ,00002

321 FPR21 4370,8370017,35488 10243986680 2,45107 w,120009 4002014 17,38009 - 18,074532 ° w,48413 200302 00016

322 &8 4370,8470017.29088_ 102,358680  2,4%107  w,1c¢ 8009 ma 48 &
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43020 FETOOET ¢4BEES  EZT+BN4359 PY2I7 . « V7990
A398563T0017246337  19,009256 34856 e ORULEY
4399,0370017,46076  38,581360 052118 ~,000479
4400,8370017,08247  18,479%563  w, 046301 «,023940

TTUR403,2370017,48588 T 18,860482 e,48929  w,020546
440741370017,92808  26,921526  »,B7700 4053160
U429,0370017,59859  96,854518 =2,3161% (414504
4430,8370017,60151 964773627 _ 2,35816 425955

T AUS6,U3T0017.69908 20,467217 62258 737228
GU59,0370017.72086 174688085 L4631 ,810516
4060,8570017,73728__ 17789892 _ =,50450 897347
TUYBOUBT0017.84789 69,85503%4 #2,30977 2,663385

T H4B89,0370017.85220  102,322532 =2,49312° 2.84a740
4490.8370017.09496 102,400326 245415 2,842908
US516,4370017,94020 _ 244753689 __ ,699(4 __§,491713
U519,0570017,96684  18,580816 ,52120  §,396155°
4520,8370017.98255  18,478922 w, 46297  1,389945
4546,4370018,09412  B85,248448 »2,14528 2,%63208
4S49,0870018,09868  96,84795¢  =2,31610  2,724043
4579,0370016,220997 17.688776° 44629 1,230362
4809,0370018,35228 102,320847 =2,49314  2,30011¢
4639,0370018,46692  18,580334 52421 1,137592
G669,0370018,59876 __96,845640__»2,31608 __ 2,419037__
4699,0370018,72103 174689257 - (44628  (,297436
4T729,0370018,85236 102,327460 =2,49317 2,842907
4759,0370018,96700__ " 18,57985%3 _ 92122 __ 1.396124
H189,0370019,09885  96,843329 »2,31605 2,72376)
UB19,0370019,22112° 17,689739 A0627T 1 ,2306228
4BU9,0370019,35244 1024329469 =2,49320 2,299953
4BT9,0570019,46708 _ 18,579371 _ %2124 _1,137624
4909.03570019,59893 96,84102) =~2,31602 2,419349
4939,0370019,72120 174690221 244625 1, 29757)
4969,0370019,85252 102,331775 w»2,49322 2,843065%
»999.0510019 96716 18,5788489 _ ,52125 34396092
S029, 0370020.09902 T96,838716 #2,31599  2,723479
5059,03570020,22129 17.590704 HU624 1,23b094°
5089,0370020,35260 102,33407%  »2,4932%__ 2,29979% _ __
5119,0370020,46725 _ 18,578406 _  ,52126  1,137656
T5149,03870020,59910  96,836414 w2,31597  2,41%9601
5179:0370020,72137 17.691167 .ﬂﬂbzs 1,29770%
5209;937Q920.85¢oe 1024336379 *2,49328 _ 2,843223
5239,0370020,96733  18,577922 52127 1,396060
5269,0370021,09919  96,83411% »3,31594 2,723197
S299.0370021,422346  §17,691671 P 44622 1,235950
§5529,0370021,3527h___§02,338b677__»2,49331 _ 2,299637
5359,0370021 06741  18,577488 992129 1.4370688
5189.0570021.59927 962831819 =2,3159} 2:419683

14, =1.97976 290846
" =2,.38160 mnnnas
001002 17489574 994083072 ®£,40074 sVUIvD  sugvle
e00849 _ 17,49857. _ 99,689989  2,60%21 __ 00741 _=,00020_
+ 00849 17,49934  97,776740 2,37799 «0073 =»,00020
101650 1758048 T72,080301 1497720 000613 =,00020
o01650  17.61394 _ §18,144778 (48561 400168 =,00020_
00387 17,62998  18,138545 @,4B8205__ 00138 »,00013_
202819 17474419  B87,291774 »2,21823 400195 =,00043
02819 1774563  99,285043 =2,394S57 =, 00228 »,00013
08899 1774848 _ 99,275322 ___2,39982___ »,00242_»400002_
106640 17484314 23,024658 165685 =, 00283 »,00002
+ 06899 $17.86444 {8,069282 WA7983 ®300287 »,00002
», 06881 17,8809S 18,078272 » HB4ST *s 00303 =400016
®e03875 17,994 71 __ 87,631614 =2,23093 »,00704 »,00016
=, 03675 174990644 99,693531 =2,40827 ®q00THS w4000106
102980 17,99897 99,697150 2,40632 #400741 400020
/
106186 186,09322 21,093891 066296 =4 00220 400020
106186 _18,110945 ___ 18,1070064 _  ,4BS53_ w, 00167 400020
»y 03794 10,24639 99.2!2536 2439493 1002352 400013
005282 18,38521 18,069692 47983 100288 400002
_*e 02640 1B,40401  90,.404356 _«2,00826 L00744  ,00016_
_a05995 __ 18,61%22 _ 18,107393 « 48553 200166 *40p020
=402531 18,74716  99,211722 #2,39493  =,00235 »,00013
06899 18,86598 18,070104 ~ ,47983  =,00289 w,000014
we 03676 18,99768 __99,695158 _=2.40826 __ =,00743 _»,00016
206485 19,11599  18,106980 48553 e,00184 ,00020
v 03794 19,24794 99,210931 *2,3949% 000239 400013
05282 19,3667 18,070518 247983 000290 00008
(02648 19,49845 __99,695938 _ w2.,40826 00742 _.00045.
105996 19.81677 18,10656% #UB553 100163 e400020
*, 02534 19,7487} 99,210162 »2,39494 »,00243 w,00013
06899 19,86753 18,070934 47984 "y 00290 =,00001
me03677 __ 19,99922 _ _99,696695  =2,40825  ,00740_,00018.
06184 20411754 18,306149 248553 =, 00161 00020
», 03793 20,24949 99,209417 «2,39498 «00246 400013
105282 20,36830 _ 18,07435¢ £47984 200291 o00001
®e02648 R0,49999___99,697429 __w2,40824__ 00739 _,00015
105996 20,61834 18,105734 1 48552 000160 ».00020
®o 02532 20,75026 99,208495 =2,39496 »y00250-9400013
206899 _ R0,086908 __18,071770___,47984__ =,00292 w,00001
., 03677 21,00076  99,698140 =2,40824 =,00738 =,00015
06183 21,11908 16,105341 48552 =y00859 ‘900020
#e03793 23,25103% 89,207995 »2,39498 000253 ,00018
- a0928) _ _ 21,36985 _ 18,072190 _ _,47984 __ ,00293__.,0000%
wg02647 21,50453 99,698828 =2,40823- - ,L00737 ,00018
205997 21,61985  18,3104890 145552 200157 «,00020
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370 FCO 5419,0370021,72154. 17,692155 WJUU620 1,297839 w,02532 2175181  99,207319 =2,39497 -.00257 * 00014
371 OCO 5449,0370021,85284 1024340971 «2,49333 2.645350 W 06899 _21,07062 18,072612 47984 =, 0029F =,00001
372 FGU S479,0370024,96749 18,5749%4 52130 1.,396028 =,03478 "22,00230 99.699493 w2 40822 w, 00736 »,00015
373 0D 5509.0370022,09936  96,829526 =2,31589  2,722915 406183 22,12062  1B,104467 +BBSS52 =, 00158 .00020
374 FCO_ 5539,0570022,22163_  17,692639 44649 1,235825_ %,03792 _ 22.25258____99.200666__=2,39498____ ,00260_ 400044
37%  DCO_ 5569,0370022,35293  102,343263__m2,49336___ 2,299480 __ 40528} 2237439 18,073036 47985 100294 200001,
376 FCU 5599, osvooaz.ae?sv 184576469 W521317 1,137720 =,020648 22,50307  99,700134 w2,4082% 100734 400015
377 DCO 5629,0370022,59944  96,827236 w2,31586 2,420165 405998 22,62139  18,104043 48551 100154 w,00020
378, FCO  5659,0370022,72173 __ 174693124 .ﬂﬂbla 1,297973 __=,02533 22,75334 __ 99,206036 __92,39499 _ =, 00264 »,00018
379 DCO 5669,0570022,85500 T02,345551 w2,49338  2,843537 406899 22,87217  18B,07346% 147965  #,00295 #,00001
380 FOD S719,0370022,96765  18,575964 052132 1,395995 «,03579 23,00384  99,700753 «2,U40820 #,00733 «,00015
381 DCO 5749,0370023,09953  96,824949 =2,31583  2,722632 06182 23412217 184103617 J48551 00153 ,00020
382 _FCOQ_ 5779,0370023,22180  17,693640 44617 31,2359 e 03792 00 23,25413 _ _99,205429 __22,39500 400268 L00084&.
383 DCU 5809,0370023,39309 1024347837 =2,49341 2,299323  ,05281 23,37294  18,073888 47965 100296 ,0000%
384 FCO 5839,0370023,46773  |8,575498 092134 1,157752 =.02648 23,50461  99,701348 =2,40819 100732 ,00015
385 DCO 5869,0570023,59961  96,822665 w2,31581 2,420448 05999 23,62294  18,103190 248551 100152 w,00020
386 FCO _ 5899,0370023,721B8  17,694096 _ (44615 _ {,298107 =,02533  _  23,75491 99,204846 =2,39501__ «,00271 w»,00014..
387 DCO 5929.0570023 85317 102.350120 -w2,49344  2,843694 06899 23,87371  18,074315 475986  ® 00296 =,00000
388 FCD 5959,0370023,96781  38,575012 ¢52135  1,395963 =,03679 - 24400538  99,701919 =#2,40818 ~,00730 »,00015%
389 _pCo 5_9.89|0._310_024.Q‘."?.70 96.520330 _w@,31578 _ 2,722350..__ 106184 R4 12371 184002764 48550 *, 00150 __,00020_
390 FCO _6039,0370024,22L97  17,694%083 44614  1,835557 _=,03791_  24,35568.__ 99,204286 _»2,39502 ___ ,00275_ 400014
391 DCO  6089,0370024,35325 102.552399 *2,49346  2,2991686 L0528} 2437448 §18,074745 47986 100297 (00000
392 FCO 6079,0370024,46789  18,574529 ¢52136  1,137785 =,02645 24,50615  99,702467 =2,40817 ¢00729 00015
393 0CO__6109,0370024,59978__ 96,618106 =2,31576__ 2-“20731,_ -06000_._____.?.!1.62“5_15.I02331;_,“6550___49.0199_:;nnozn_
394 FCO  6139,0370024,72205  17,695070 WBUB1E  1,298241  », 02534 - R4, 75645  99,203749 2,39503  »,00278 w,00014
F95 DCO  6169,03700234,85533  102,354676 €2,40149 2,8438K8¢ 106899 24 ,8752% 18,075178 JA7987 #,00298 »,00000
396 FCO ©6199,0370024,96797  18,574038 052137 t.lvsvso ", 03680 25,00692  99,702992 w2,40816 w,00728 »,0001S
397 _ DO 6229.0370025,09987 __96,815831__w2,31573 _2,7¢2067___ 406180 235,1252%5 ___18,104900__ 406550 __ _=,00147 __.00020_
398 FCO  6259,0570025,22214  17,695557 WH4612 14235423 «=,03791 25,25723 99,203236 ~2,39504 100282 400014
399 DCO ©269,03570025,35341 102.356950 »2,49352  2,899040 ,0528% 25,37603  18,075607 .  ,47987 00299 ,00000
800 FCO 6339,0370025,46808  18,573550 052138 1,137817 02644 25,50770  99,703494 ~2,40815 +00726 ,00045
401_ DCO__6349,0370025,59995___96,813558  »2,31570__ 2,421034 __ 06001 = 25,62602 __18,1014068__ _ 2UB549 (00846 _w,00020_
402 FCO 6379,03870025,72222  17,696045 W61y 1,298375 w,02534 25475800 99,202747 +~2,39505 w,00285 w,00014
403 DCO 6409,0570025,85549 102,359220 w2,49354 2,844007 06899 25,87680  18,076040 JUT98T  #,00299 w,00000
_!99.._559__!‘!19-_037002.5,9.6,".3.134._,._15-5730."3.A___...,_SZMO_,__J.595898'__!.03601__.__._____26.00641.__..___,99-103971;_:.2|,“..001(1___:1O.Q'Iai,_!-000.15~
405 DCO 6u69,0370026,10004  96,811289  w»w2,31968 _ 2,721784 ,_,06179 o B6,426B0__ 18,105034 _ ,4BS49 - =,00144__,00020.
406 FCO T 6u499,0370026.22230 174696553 48609  1,235289 «,03790 26,25878  99,202281 =2,39507 200269 ,00014
807 OG0 6529,0370026,35357 102,361488 =2,49357 2,298854  ,0528% 26,37758  18,076474 47988 200300 »,00000
4o8  FCO 6559.037ooae.a6621 18,572573 _ ,52:41 314337850 _w,020644 26,50924 . 99,704425  =2,40812 00724 400015
909 pco 6580,0370026,000027  96,8090283° =2,31965 2,421297  ,06002 26462757  18,100599 SU8548 000143 w, 00020
U0 FCO 6619,03700256,72239  17,697022 JUU608 1,298500 =,02535 26,75955 99,201838 =2,39508 e,00292 w=,00014
411 DCD ©649,0370026,85565 102,363753 w2,49359 2,844163  ,06899 26,87835 18,076909 47988  ®,00304 400000
412 FCU 6679,0370026,56829  18,572084 .521&2 1,395865  ®,03681___  27,01001 __ 99,704856__w2,40811 _»,00722 ;00014
THISTDEO T 6709,0370027,10021  96,806760° wd, 31963  2,721501 06178 27,12834  18,100163 . (48548 »,00141 ,00020
414 FLO OT59,0370027,22247  17,697542 .aaéor 14235155 =,03789 27,26032 99,201420 ~2,39510 000296 400018
g%g DCO 6769 0570027 (35373 102,366035 Ry 4IIUR 1.295avv avgesy LYVIE  vharrsie w1989 +00301 »,00000
Sk wmn  £TEO . B XIANAT . ASETT ERTYES P © TaI37883  w,02643 27.51078  99.705263 w2, %080% OOTR1 #0001,
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