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1.

OVERVIEW

It has become increasingly apparent in recent years that
systems containing b quarks offer unique opportunities for studying the theoretical edifice
of particle physics, the so-called “Standard Model.” Although measurements with these
b quark systems offer a host of possibilities, the one that has riveted the attention of the
particle physics community worldwide is the potential for understanding the origin of the
phenomenon of CP violation—a small deviation in Nature’s otherwise symmetric order that
has been clearly observed but whose origins remain a mystery. The phenomenon of CP -
violation has cosmic consequences; in particular, it played a crucial role in the formation of
our Universe. Thus, to understand it is one of the central goals in our quest to comprehend
the orderly foundations of the natural world. The program of CP violation studies that we
envision has great discovery potential; should the measurements disagree with predictions
of the Standard Model, the observed pattern of CP violation will provide substantial and
specific clues as to how the model should be extended.

Capitalizing on recent advances in detector technology and newly acquired information
on the properties of the b quark, it is now widely accepted that a high-luminosity,
asymmetric e*e- collider offers an ideal platform for an exhaustive study of CP violation.
This_fact has been forcefully and consistently endorsed by HEPAP (the High Energy
Physics Advisory Panel) through its recent deliberations and recommendations. The
subpanel on the U.S. High Energy Physics Research Program for the 1990s (the Sciulli
Panel, DOE/ER-0453P and the accompanying transmittal letter, April 1990) stated that the
physics program of a B factory was compelling and recommended that, given a technically
sound proposal for construction of a machine, funds for such a facility be sought with high
priority. The thrust of the subsequent June 1991 HEPAP transmittal letter was that
technically sound designs for a B factory had become available (indeed, the original
conceptual design for the PEP-based machine, for which this document serves as an
update, had successfully undergone a detailed technical review by DOE) and that the
funding agencies should seek means for constructing a U.S.-based facility.

The 1992 HEPAP subpanel on the U.S. Program of High Energy Physics Research
(The Witherell Panel, DOE/ER-0542P, April 1992) further elucidated the importance of the
physics program at a B factory. In its section entitled “High Energy Physics in 2002,” the
subpanel outlines its vision for an exciting and scientifically productive future. A crucial
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element of its vision is “a high luminosity asymmetric electron-positron collider—the
B-factory—completed in the preceding decade and now intensely focused on the study of B
meson decays in an all-out attack on the origins of CP violation.” The subpanel’s
recommendations were given under three budget scenarios. In the middle and upper
scenarios, the subpanel recommended “construction of an asymmetric B-factory in the
existing PEP tunnel at SLAC...,” commenting that “The origin of CP violation is one of the
most fundamental questions in high energy physics today. An asymmetric e*e~ collider,
optimized for operation just above the BB threshold, promises to provide the most
comprehensive way to address this problem.”

While CP violation is the main motivation for the construction of a B factory, such a
facility will also host a very exciting and broad-based program of bottom quark, charm
quark, 7, and two-photon physics. Important tests of the Standard Model are possible in
this program, and many gaps in our knowledge are sure to be filled in. Because the
number and range of distinct topics are very large, an asymmetric B factory will be an ideal
facility for the training of young physicists, and we envisage more than 200 Ph.D. theses
during the lifetime of the program (conservatively estimated at 15 years). The specific
machine implementation discussed here has a single interaction region though, in principle,
flexibility exists to expand this to two interaction regions, and therefore two detectors,
should the user community consider this important enough to provide the extra funds. A
parasitic program of synchrotron radiation physics would also be possible with additional
funds.

A very large international particle physics community is committed to physics studies at
an asymmetric ete~ B factory. A group of physicists numbering more than 150 Ph.D.’s
has been involved with the PEP-based B factory (referred to as PEP-II), both in developing
the physics arguments and in designing an appropriate detector. This group includes
investigators from more than 20 U.S. institutions, as well as physicists from Canada,
Europe, Japan, Russia, and Israel. An equal number of physicists are involved in other B-
factory efforts worldwide.

In early 1989, a group of accelerator and particle physicists from Caltech, LBL, SLAC,
and the University of California began a study of the feasibility of an asymmetric e*e~
collider based on an upgrade of the PEP storage ring at SLAC. A parallel study was
conducted to examine in detail the physics capabilities of such a facility and to specify the
luminosity required for a broad-based program aimed at understanding the origins of CP
violation. The feasibility studies indicated that, with appropriate care, PEP could be
upgraded to achieve the desired luminosity of 3 x 1033 cm2 s~1. In November 1989, the
SLAC Experimental Program Advisory Committee agreed that the PEP-II B-factory
program was indeed very compelling and encouraged the Directors of SLAC and LBL to
move from a feasibility study to a conceptual design phase.

The original conceptual design report (SLAC-372, LBL PUB-5303, UCRL-ID-
106426, CALT-68-1715, UC-ITIRPA-91-01) was completed in February 1991 and was the
basis of the joint SLAC/LBL/LLNL proposal to DOE for construction funding. In March
1991, a DOE Technical Review Committee, under the Chairmanship of Dr. L. Edward
Temple, was established to confirm the technical feasibility of the SLAC-based Asymmetric
B Factory design and to determine the completeness and appropriateness of its cost
estimate, schedule, and management plan. The design received the enthusiastic
endorsement of the committee, whose judgment was that “there is a high probability of

2



1. Overview

attaining the physics goals.” The cost estimate, schedule, and management plan were also
validated by the committee. The PEP-II design described in the conceptual design report
thus served as a direct and wholly satisfactory response to the challenge set down by the
Sciulli Panel. In the intervening time period, the program of R&D studies on which we
have embarked has enabled us to improve and simplify the design of PEP-II. In this
updated conceptual design report, we document the present status of the PEP-II design.
Given the fact that design changes were made, a new bottom-up cost estimate has been
developed. The improvements we have made have resulted in cost savings compared with
the original design, and these are reflected in the cost summary presented in Chapter 9.

The goal of the conceptual design was to be a machine that would be both responsive to
the physics needs and conservative in its approach to achieving high luminosity. The
PEP-II design we propose meets this goal. The facility consists of two independent
storage rings, one located atop the other in the PEP tunnel. The high-energy ring, which
stores a 9-GeV electron beam, is an upgrade of the existing PEP collider; it reutilizes all of
the PEP magnets and incorporates a state-of-the-art copper vacuum chamber and a new
radio-frequency system capable of supporting a stored beam of high current. The low-
energy ring, which stores 3.1-GeV positrons, will be newly constructed. Its design takes
advantage of many of the machine component designs that have already proved successful
at PEP.

Our approach to reaching the desired luminosity of 3 x 1033 cm2 s-1 is to use, in each
ring, high circulating currents (approximately 1-2 A) separated into more than 1600
bunches. An advantage of this approach is that the parameters of individual bunches
(current, length, emittance, etc.) are quite conventional and have been demonstrated in
numerous successful colliders over many years. Thus, the design challenges are restricted
to the high-current and multibunch arenas. These, in turn, are mainly engineering
challenges and—although they are by no means easy—they are amenable to standard
engineering tools and approaches that assure us that the proposed solutions are workable,
reliable, and conservative.

The PEP site offers an ideal location for an asymmetric B factory. SLAC has the
world’s most powerful positron injector, and the availability of the large 2.2-km-
circumference tunnel greatly eases the problems associated with handling the intense
synchrotron radiation power emitted by the high-current beams. This approach is not
unique to the SLAC project; both DESY and KEK moved away from earlier designs that
employed small storage rings and adopted machine designs that placed both rings in their
large-radius PETRA (2.3 km) and TRISTAN (3 km) tunnels. Moreover, the parameters of
the PEP-II high-energy ring match almost perfectly those of the present PEP; the project
can benefit from the existing PEP infrastructure so that no conventional construction is
required on the SLAC site.

SLAC and LBL have a long and very successful history of design, construction, and
operation of e*e~ storage rings. The original PEP project was a joint endeavor of these two
laboratories. The staffs of both laboratories are enthusiastic about the prospect of an
upgrade to this facility. Much of the expertise that conceived and built SPEAR and PEP
remains within the laboratories, and new additions to the staff [for example, the team that
has just completed construction of the Advanced Light Source (ALS) at LBL] have
enhanced these strengths. The addition of LLNL as an institutional collaborator further
strengthens the team that will build PEP-II.
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In summary, we believe that the SLAC site is an ideal location for the construction of
an asymmetric B factory that will provide the platform for a crucial component of the U.S.
high-energy physics base program. The design presented here is flexible and fully capable
of meeting the demands of a physics program that will exhaustively examine the question
of CP violation. As soon as funds are available, we are ready to begin the construction and
commissioning of this exciting accelerator facility and then to embark on studying one of
the most important topics in high-energy physics today.



2.

INTRODUCTION

ON the following pages, we give an overview of the
physics motivation for the PEP-II asymmetric B factory. The overview includes a
discussion of the advantages of the e*e~ environment and a menu of the physics achievable
at PEP-II. This chapter also offers a justification for the design luminosity for the machine
and the asymmetric aspect of the collider, and it outlines a list of constraints on the machine
design that arise from the physics goals (that is, tolerable background levels, maximum
beam pipe radius, etc.).

2.1 OVERVIEW

We propose to construct PEP-II, a high-luminosity electron-positron colliding-beam
accelerator that will operate in the 10-GeV center-of-mass energy (E¢ m ) regime; the
majority of the physics running will be at the T(4S) resonance (Ec.n = 10.58 GeV). The
machine described in the following chapters has the novel feature of unequal beam
energies, a configuration we call asymmetric. The luminosity goal is 3 x 1033 cm2 s-1; the
electron and positron beam energies were chosen to be 9 and 3.1 GeV, respectively.

The main physics motivation for PEP-II is a full and exhaustive study of CP violation,
using the rich spectrum of B meson decays. The goal is not simply to measure, for the first
time, CP violation in the B meson system, but to mount a program sufficiently diverse to
examine the more crucial issue of what constitutes the origin of CP violation. Such a
program requires a machine that produces in excess of 107 neutral B mesons (B%’s) per
year. The goal for the machine described in this proposal is 3 x 107 neutral B mesons per
year. -

The 10-GeV region was chosen so as to exploit the copious and exclusive production
of B mesons at the T(4S) resonance; the level of asymmetry was chosen to optimize the
measurement of CP-violating asymmetries in the decays of the B mesons. The full time-
evolution of this phenomenon can be exposed by the use of the asymmetry, with the time-
evolution measurements providing a comprehensive set of systematic cross-checks for the
CP violation measurements.

The e*e~ 10-GeV region has proved to be an ideal environment for the study of
b quark physics. The T(4S) offers special advantages for the study of B hadron (meson
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and baryon) decays. The production of B hadrons at the T(4S) constitutes fully one-third
of the available cross section, and the availability of kinematic constraints further permits
exceptionally clean isolation of the B physics. The background rejection is sufficient to
allow a wide range of B meson decays, even decay modes with small branching fractions
(104-10-5), to be reconstructed with high efficiencies and large signal-to-noise ratios.
These include decay modes of high multiplicity and those that include final state 79°s. The
ability to use the sign of the electric charge of both leptons and kaons to establish,
accurately and with high efficiency, the difference between a B and a B meson is very
powerful. These characteristics are especially advantageous for the study of CP violation.
Programs at CESR and DORIS have provided a large amount of data for a detailed
characterization of the T region. This, coupled with the rather simple nature of the e*e-
environment, makes it possible to simulate the physics processes very reliably. Hence, one
can attach considerable confidence to the estimates of the physics capabilities calculated for
the B factory. Indeed, as discussed below, the present proposal is based on very detailed
modeling of the physics.
Besides bottom quark production, the B factory will produce very large samples of
charm quarks and 7 leptons. The environment again favors high-efficiency, low-
. background studies of important physics processes associated with these fundamental
constituents. Hence, a B factory is more correctly viewed as a Heavy Constituent Factory.
Rounding out the possibilities offered by PEP-II is an exciting program of two-photon
physics and the study of the spectroscopy of the T resonances. This spectroscopy reflects
- the underlying strong force that binds the quarks together and offers an opportunity for
detailed and essential studies of this fundamental force.
~ Details of this compelling physics program are given below. As a measure of the
power of PEP-II, we have tabulated in Table 2-1 the yields for BB and T that exist

Table 2-1. Bottom, T, charm, and 7 yields (1 yr = 107 s).

\ B factory
Channel World sample (April 1993) . £ =3x103%
(per yr)
BB ~2 x 106 3 x 107
T(1S) 3.5 x 106 5x108
T(2S) 8.5 x 105 2 x 108
T(3S) 4.9 x 106 1 x 108
Do — 6.9 x 107
D+ — 3.3 x107
D — 2.3 x 107
T+T - —_ 2.8 x 107




2.2 Characteristics of the 10-GeV Region—The Upsilon Family

worldwide today and that will be available in a one-year run at PEP-II. Also tabulated are
the annual yields of D mesons and 7 pairs expected at PEP-II. The increase in statistical
power is itself very impressive; what is not evidenced by the relative numbers is the level of
accessibility to crucial physics that can only come with the operation of PEP-II.

PEP-1I also offers the opportunity for an exciting parasitic program of synchrotron
radiation studies. The very high circulating current will generate x-ray beams of
unprecedented brightness, permitting some experiments that will not be accessible even at
the next generation of advanced light sources. _

The U.S. is currently embarked on the SSC program, which will begin producing
physics in the year 2003. The U.S. particle physics program is in great need of additional
facilities, particularly in the intervening years, both to maintain a balanced and vibrant
program and to keep young people in the field. In this regard, the PEP-II project offers the
nation an ideal opportunity. SLAC, with its existing powerful injector and large-
circumference machine (PEP), provides a natural site for a high-luminosity asymmetric B
factory. PEP-II constitutes an upgrade of the existing SLAC facility, with no conventional
construction required. This has the advantage of saving both money and time. With
proper financial planning, the U.S. program could have PEP-II operational for physics in
- 1998. The program has an expected lifetime for exciting physics of at least 15 years.
While the SSC challenges the Standard Model by vigorously pursuing an understanding of
the Higgs sector, PEP-II would provide a complementary pursuit of the Standard Model
through the study of CP violation and the pattern of heavy-constituent decays. The PEP-II
physics program is exceedingly diverse, and the number of fully independent physics
topics that can be studied is very large. This fact, coupled with the compelling nature of the
physics, has brought together a very large community pushing for such a facility. (Based
on current attendance at workshops and discussions with members of the worldwide
community, we estimate that 300 particle physics Ph.D.’s will work at PEP-II.) The
majority of this community has worked on e*e- collisions for many years and has a
demonstrated ability to produce high-quality physics results. In addition, we envisage
PEP-1I as providing an exceptional training ground for young physicists: The number of
interesting thesis topics far exceeds one hundred. ‘

The rest of this chapter is organized to provide background for the nonspecialist; a more
detailed discussion of physics measurements resumes in Section 2.3.4. Section 2.2
discusses the characteristics of the 10-GeV center-of-mass region as seen in e*e~ collisions.
Section 2.3 then discusses the physics motivation, including an outline of the Standard
Model (Sections 2.3.1 through 2.3.3), a discussion of how CP asymmetries are measured
at the T(4S) (Section 2.3.4), a justification of the machine asymmetry and luminosity
(Sections 2.3.5 and 2.3.6), a discussion of sensitivity to non-Standard Model explanations
for CP violation (Section 2.3.7), and outlines of B physics exclusive of CP violation,
together with charm, 7, T, and two-photon physics (Sections 2.3.8 through 2.3.12). The
chapter concludes with a discussion of the constraints imposed by the physics on the
machine design and an outline of the likely scenario for choosing the operating energy of
the machine.

2.2 CHARACTERISTICS OF THE 10-GEV REGION—THE UPSILON FAMILY

The cross section for producing hadrons in e*e- collisions in the 10-GeV region is shown
in Fig. 2-1. The rich resonance structure above the b quark threshold is called the upsilon
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Fig. 2-1. The cross section for the production of hadrons in e*e~ collisions in the
center-of-mass energy region near 10 GeV. The data are characterized by a series
of resonances, the T family, which herald the onset of the b quark threshold. The
data in (a) are from the CUSB detector group; the data in (b) are from the CLEO
detector group.

(T) system,; the first three prominent resonances are the lowest-lying S states of a bound b5
quark system. These states are analogous to the bound states in an atomic system (such as
positronium); in this case, however, it is the strong (color) force that provides the binding
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energy for the two constituents. The narrowness of the resonances reflects their stability
against strong decays; the states have insufficient energy to decompose into a pair of
mesons, each carrying a b quark. The fourth state, T(4S), has just sufficient energy to
decay to a pair of B mesons (B and B); this decay totally dominates the disintegration of the
T(4S). The T(4S) is thus an ideal laboratory for the study of B decays, having the
following important features:

* The T(4S) decays almost exclusively to pairs of B mesons. There are thus no
extraneous particles that would provide background and reduce the sensitivity of the
measurements.

» Since the T(4S) decays to only two particles, the daughter B mesons have a unique
momentum in the T(4S) center-of-mass frame. In addition, the fraction of all events
that contain a BB pair is 30%, significantly greater than at higher energies or in
proton collisions. These two effects greatly limit contamination from backgrounds
from the continuum of physics channels (non-b quarks) that accompany the T(4S).

e When the T(4S) decays, the two B mesons are coherently produced in a P-wave
state. This guarantees that the two B mesons are nonidentical; that is, the one is a BO
while the other is a BO. This feature is particularly advantageous for CP violation
studies.

*_ The multiplicity of hadrons in the T(4S) decay is relatively small. When combining
particles to reconstruct B meson states, this low multiplicity keeps combinatorial
backgrounds at a reasonable level.

The B mesons produced in T(4S) decay (B,, B;) comprise a b quark and a lighter
quark, either an up («) or down (d) quark. It is also of considerable interest to study the
decays of B mesons that contain a strange (s) quark (Bs). These studies must be done at
the T(5S) resonance (see Fig. 2-1).

The majority of the PEP-II program will be carried out at the T(4S). As we have seen,
this choice of energy provides a copious source of B, and B; mesons. Accompanying the
resonant production of B mesons is the so-called continuum physics, the roughly 2.5 nb of
cross section that comprises e*e~ annihilation into pairs of light quarks (i, d, and s), pairs
of light leptons (e*e- and u*yr), pairs of heavy quarks (charm quarks), and pairs of heavy
leptons (t*t~). The light quark and lepton events are of little interest (save for
normalization of the experiment), but the heavy-constituent events are of considerable
interest. PEP-II will produce very large samples of these heavy constituents, thereby
assuring an interesting and diverse physics program.

2.3 PHYSICS MOTIVATION

We turn our attention now to the details of the particle physics program and how it relates
to specifying the goals for PEP-II. We have studied this physics program very extensively
and with great attention to detail in a series of workshops and conferences held over the
past several years. The interested reader is encouraged to consult the proceedings of these
meetings [Hitlin, 1989, 1991, and 1992] for more details. The first meeting covered the
full spectrum of available physics (except two-photon physics), whereas the second one
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dealt much more extensively with the study of CP violation and also covered two-photon

physics. The most recent meeting, held at Stanford in 1992, provided a summary of

progress during the past year. The machine design goals all come from the B physics

program and are dominated by the requirements for studying CP violation. [A rather

similar set of goals arises from the study of B; mixing, although, in this case, the
experiment is done at the T(5S).] Happily, the requirements for the CP violation program

do not conflict in any way with those of the rest of the physics program.

2.3.1 The Standard Model of Particle Physics

Our understanding of the interactions among Nature’s basic building blocks, the quarks
and leptons, is described by a theory called the Standard Model. This model successfully
explains all experimental measurements as they pertain to the three forces seen by the
constituents, the strong force, the electromagnetic force, and the weak force. There are no
verified experimental anomalies between experiment and the Standard Model—a situation
of unprecedented success. However, as a complete model of Nature, the Standard Model

has several crucial shortcomings, and most particle physicists believe that it must one day
~ be superseded by a more complete theory. It is widely acknowledged that progress
towards this more satisfactory theory will almost certainly have to come from experiment
(as opposed to new theoretical insights); the field is therefore greatly in need of verifiable
data that is in solid conflict with the Standard Model.

Among the unsatisfactory elements of the Standard Model are its inability to predict
many important numbers (such as the masses of the constituents, the masses of the force
mediators, etc.) and the rather ad hoc (often called “unnatural”) manner in which it handles
certain essential elements, the leading example being the way particle masses are generated
(the Higgs phenomenon).. Whereas the well-established phenomenon of CP violation has a
natural place within the Standard Model, it in no sense has an explanation. One of the
strengths of the PEP-II heavy-constituent program is the broad range of measurements that
will directly confront the validity of the Standard Model. Many ways can be imagined in
which this program could provide the first indication of where the Standard Model fails—in
this sense, it provides possibly the best window to new physics of any currently proposed
facility. Understanding the Higgs mechanism supplies the justification for the SSC;
likewise, understanding the origin of CP violation is the central driving force for the
construction of PEP-II.

The Standard Model describes the interactions of the building blocks of matter, the six
quarks and the six leptons. These spin 1/2 constituents interact via three forces, each of
which is mediated by spin 1 force carriers such as the photon (electromagnetic); the Z, W+,
and W- (weak); and the gluons (strong). With these twelve constituents (and their
antiparticles) and the force carriers, all physical phenomena are explainable (we ignore
gravity in this discussion). The constituents come in three generations or families. The
lightest generation (the up and down quarks, the electron and the electron neutrino) plays a
special role in our universe: All stable matter is made up of these four constituents. Yet,
for reasons we do not understand (another shortcoming of the Standard Model), Nature has
chosen to make two replicas of this lightest generation (see Table 2-2). The clearest
distinction among the generations is the increase in mass; the higher the generation, the

10
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Table 2-2. The particles of the Standard Model.

Name Symbol Mass (GeV) Electric charge
- Leptons
Electron e 0.000511 -1
Electron neutrino Ve 0 0
Muon u- 0.106 -1
Muon neutrino Vu 0 0
Tau T- 1.777 -1
Tau neutrino Vr 0 0
uarks
Up u 0.31 +2/3
Down d 0.31 -1/3
Charm c 1.50 +2/3
Strange s 0.51 -173
Top t >100 +2/3
Bottom b 5.0 -1/3

Carriers of force

Photon Y 0 0
Z0 92 0
Weak vector bosons w+ 81 +1
w- 81 -1
Gluon g 0 0
Higgs
Higgs HO ? 0

larger the constituent masses (save for the neutrinos, which so far appear massless).
Hence, the 7 lepton is the heaviest charged lepton, the top quark (as yet undiscovered, with
a mass in excess of 100 GeV) is the heaviest charge 2/3 quark, and the b quark is the
heaviest charge —1/3 quark. Whereas we do not understand the replication of the lowest-
lying generation, there is no denying the existence of the second and third generations.
Indeed, it is the richness of the quark generations that most likely holds the key to
expanding beyond the Standard Model.

11
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2.3.2 The Pattern of Quark Decays—The CKM Matrix

To understand this last statement, we must delve more deeply into the pattern of constituent
decays. Here the apparently symmetrical role of the quarks and leptons breaks down. The
lepton generations are distinct: No interactions couple them. In any physical process,
lepton number is conserved separately for each generation. Thus, in the decay of a muon,
three particles materialize: a muon neutrino, an electron, and an electron antineutrino. The
first-generation lepton number is conserved by the balance of the electron and its
antineutrino, while the muon neutrino is needed to balance the second-generation lepton
number. This absence of cross-generation coupling appears to be absolute in the lepton
sector, but not in the quark sector. Indeed, the s and b quarks would be entirely stable if
they could not couple to quarks of a lower generation. Thus, quark decay involves a
coupling of the generations: A b quark can cascade down to the charm quark (which is its
predominant choice) or, less likely, to the up quark. This intergenerational mixing is
summarized by the so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix. This matrix
represents the fact that the weak interaction does not couple directly to the quark mass
eigenstates; rather, the weak eigenstates (which couple to the W’s) are admixtures of the
mass eigenstates, the exact admixture being given by the elements of the CKM rotation
matrix. The richness of the quark decay spectra is represented by the elements of the
matrix:

Vid Vus Vup
Vea Ves Veb
Via Vis Vi
The CKM matrix can be completely characterized by four parameters: three real
numbers and one complex phase. A commonly used approximate parametrization is that
due to Wolfenstein:

1-A%2 A A p-in
-A 1-4%2 AL’
AV A-p-im)  -aa? 1

where A, A, p, and 7 are real parameters. When A = 0, this matrix becomes the unit
matrix, and there is no coupling among generations.

If the Standard Model were truly a complete theory of Nature, the CKM mechanism
would have arisen naturally in the model, and all the values of the elements of the matrix
would be specified. Instead, these numbers must be measured, and self-consistency must
be established to check the validity of the model. It is for this reason that the pattern of
quark decays offers a powerful window onto the validity of the Standard Model. In
particular, the heavy-quark decays (those of charm and bottom, which are so profuse and
so readily studied at PEP-II) provide a wealth of data for testing the Standard Model.

12
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2.3.3 CP Violation in the Standard Model

We will now focus on the phenomenon of CP violation. The origin of CP violation has
been one of the defining mysteries of particle physics since the violation was first
discovered in the Nobel Prize-winning work of Cronin, Fitch, and collaborators
[Christenson et al., 1964]. While the physical manifestations of this asymmetry are tiny,
its ramifications are cosmic. Indeed, without the presence of this phenomenon, we would
be hard-pressed to explain the presence of our universe. In the absence of CP violation,
the equations that govern the behavior of particles created in the Big Bang are matter-
antimatter symmetric. Under such circumstances, particle-antiparticle annihilation should
have dominated, and no stable universe should have resulted. Yet we find ourselves living
in a stable, matter-dominated universe. The tiny anisotropy generated by CP violation, the
only known physical process that allows for an absolute determination of the sign of the
electric charge, was sufficient to tip the balance away from total annihilation and permit the
creation of a stable universe.

The lack of CP symmetry is experimentally well demonstrated in the decays of K
mesons. However, an explanation for the origin of the violation remains no more than
conjecture; the K meson system provides too limited a set of measurements to fully fix the
- appropriate CKM parameters or to distinguish between competing models of the
.mechanism. It is the inclusion of the complex element (the phase 77 in the Wolfenstein
representation) that provides a mechanism for CP violation in the Standard Model. It
should be emphasized that CP violation is not a necessary consequence of the Standard
Model; it is merely allowed. We have no experimental evidence for or against the idea that
this mechanism of CP violation is in fact the correct one. Studies of CP violation in the
decays of the B meson system, unlike those in the K meson system, provide the diversity
needed to over-constrain the Standard Model and hence establish once and for all whether
this mechanism is correct.

Using the data from K meson measurements and the framework of the Standard Model,
predictions for the size of the CP asymmetries in B meson decays can be made. Because
our understanding of quark decays is not perfect, the size of these CP-violating effects
cannot be precisely pinpointed; rather, a range of validity is predicted. Despite this
uncertainty, for certain decays (B — J/yK; being the most studied), the Standard Model
makes an unambiguous prediction of a large CP-violating asymmetry, in the range of
16-60%. (This can be contrasted with the asymmetries in the K meson system, which
amount to two parts per thousand.) The physical effect we seek is thus large and easily
measured, provided that sufficient events can be accumulated in the appropriate B meson
decay modes. The branching fractions for these CP-violating decay modes tend to be small
(typically 10~4-10-5), hence one needs to produce of the order of 107108 B mesons to
make statistically significant measurements of CP asymmetries. The desire to confront CP
violation in this complete manner is what leads to the requirement of a very large integrated
luminosity.

We shall now explore the range of the Standard Model predictions more quantitatively,
because, if we are to fully test the validity of the Standard Model, we need to construct a
machine capable of producing sufficient luminosity to cover this range completely. The

13
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CKM matrix is unitary, and therefore the following requirement must hold:
Vid V¥ub+ Ve Vicp + Vig V=0

This equation can be viewed as the closure of a triangle ( the “Unitarity Triangle”) in the
complex (p,n) plane. Using the Wolfenstein representation, the triangle is as shown in
Fig. 2-2. If CP violation in the B meson system were absent, then 77 would be zero and the
triangle would collapse to a line on the real axis. As we stated above, the Standard Model
predicts a range of CP-violating asymmetries in B decays and therefore a range of
allowable angles «, B, and 7. This range is shown in Fig: 2-3 as a function of the ¢ quark
mass. It is this range of values that we must be capable of measuring if we are to ascertain
whether the Standard Model can accommodate B meson CP asymmetries and whether it is
self-consistent. As indicated in Fig. 2-2, &, B, and yare directly measurable from specific
B meson decays to CP eigenstate final states, respectively indicated by a set of prototypical
decays By — J/yK;, By — 7w, and B; — pK,.

2.3.4 How CP Asymmetries Are Measured

To understand how the asymmetries are measured, we now return to our discussion of the
T(4S) system and its decay into a BOB? pair. These B mesons are fairly long-lived (the
B meson lifetime is about 1 ps) and will propagate a measurable distance before they
decay. The first B (we assume it to be a B, the argument is just reversed if it is a B®) will
decay at time #; and, by the coherence referred to earlier, will force the second B to be a
BY. This second B meson propagates further in time before it decays at time #,. However,

during the time interval t; — ¢;, the B0 can change itself into a BO via the phenomenon of
mixing. In fact, the Argus Group at DESY [Albrecht et al., 1987] first showed that mixing
of neutral B; mesons is large. Hence, it is possible to end up with either a BOBO final state
or a BORBY final state, depending on whether the second B meson has mixed or not. If we
now arrange to detect one of the B’s decaying to a CP self-conjugate eigenstate (like J/yK

C

B=(1,0)

C=(0,0)

Fig. 2-2. The “Unitarity Triangle,” along with definitions of the angles c, B, and y
and the prototypical self-conjugate CP eigenstates that are used to measure these
angles. Closure of this triangle in the complex plane represents the unitarity of the
CKM matrix. The parameters p and 1, which appear in the Wolfenstein

_ parametrization of the CKM matrix, are also shown here.
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Fig. 2-3. The range of the unitary triangle angles allowed by the Standard Model
(under reasonable assumptions for the model parameters), as functions of the top
mass, currently thought to be above 100 GeV. Since the allowed range of B is
never zero, the Standard Model unambiguously predicts finite asymmetries in
decays characterized by sin 23 (like J/yKj).
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or 77) and the other in a decay that distinguishes between a B0 and a B? (such as the sign
of the charge of a lepton or kaon), it is possible to measure a CP asymmetry. The
asymmetry arises from the fact that mixing has allowed two separate routes from the initial
B meson to the final CP self-conjugate state (see Fig. 2-4), one without intermediate
mixing and the other with mixing. If the interference between these two separate paths is.
different, depending on whether one starts from a physical B? or B?, a potentially meas-
urable asymmetry is generated. The decay rate (I") of a time-evolved, initially pure B°B?

B® B®
JyKg > <€ T(@4S) ——3 < "
t/ t/ t,
2 1

was definitely a BC

Process CP-conjugated process
0 0 Rpo 0
B phys — JyK Bphys JyK
| JyK? BO JyK?

%/

Fig. 2-4. An artist’s rendition (upper diagram) of the topology used for measuring
CP violation effects at the T(4S). One of the neutral B’s is reconstructed in a CP
self-conjugate state (the J/yKy), while the identity of the other B (B® or B?) is
established from the sign of the charge of a lepton (or K meson). The lower
diagram illustrates how mixing is used to project out the CP violation effects. The
B can decay to J/yK; (bottom left) via two routes, one direct and one involving
mixing. These two amplitudes will interfere, and this mterference has a different
magnitude when one begins with the CP-conJugated state B® bottom right). Thus,
final states involving J/yKy/B? and J/wKy/B? can be used to measure CP
asymmetries.

BO
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into a BO (BY) and a self-conjugate CP eigenstate fcp is given by
I'(BOBY — BOcp) o< eTA! [1+ sin 2¢ sin Am(ts — t1)]
T'(B°B® — B%cp) o eTA! [1-sin 2¢ sin Am(t, — t;)]

where Am is the BOB® mass difference, At =1, — t1, and ¢ is e, B, or ¥, depending on
whether the CP eigenstate observed is J/YKj, nr, or pK;.
There are four different measurable configurations:

ny: fa(t1)fce(t2)

ny: fep(t1)fp(t2)

n3: fg(t1)fce(t2)

ng: fep(t)f5(%2)
where fp signifies a BO tag, f3 signifies a B tag, and fcp signifies a CP eigenstate. CP
~ violation produces a distribution in ¢, — ¢; for n; and n4 that is different from that for n,
and n3. In the absence of CP violation, the n; distributions would be exponentials; in the

presence of CP violation, they are measurably distorted by a sinusoidal oscillation with
amplitude sin 2¢ and frequency Am, as shown in Fig. 2-5.

_ar B JApk®

to—ty

dr

dtz - 1) B J/yK?

Ny N3

to-t

Fig. 2-5. The time-evolved decay distributions that are measured to yield the CP
asymmetries. The n; signify four different final-state topologies, as outlined in the
text. It is the distortion of these spectra from exponentials that provides the
information for measuring CP violations.
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A measurable asymmetry results from a proper summation of the number of events of
each type:

Acp = (n2 + n3—ny— na)/(ny + ny + n3 + ng)

It is this asymmetry, as well as the detailed time distributions, that will be measured at
PEP-II. As seen from Fig. 2-5, the advantage of an asymmetric B factory is the
availability of the time-evolving distributions. Not only does this exhibit the CP violation
to its fullest extent, but also the four time-evolved spectra provide two pairwise identical
distributions, and the sum of the integrals under the four distributions should be zero
(another way of saying that the time-integrated asymmetry must be identically zero). These
constraints provide a valuable set of cross-checks on the correctness of the measurements.

The asymmetry Acp is directly related to the angles of the Unitarity Triangle, according
to

_xgsin2¢
(1 +x2)

where ¢ is ¢, B, or ¥, depending on whether the CP eigenstate observed is J/yK;, 77, or
pK,. Here x,represents the strength of the BO mixing (measured to be 0.70), hence the
dilution factor relating the measured asymmetry to the unitarity angle is known.

To summarize, then, the experiment involves measuring the time difference between the
decay points of the two B mesons produced in the decay of the T(4S). In addition, one of
the B final states must be established as a CP eigenstate, and the other must be tagged as
either a B or a BC. Establishing the identity of the two B mesons is readily done; this has
a significant impact on the design of the detector but relatively little impact on the design of
the accelerator. The time-difference measurement is faithfully represented by the
measurement of the difference in the positions of the two decay points of the B mesons; it
is the need to measure this difference that is responsible for the energy asymmetry of the
accelerator. ' :

2.3.5 Justification for the Energy Asymmetry

As suggested above, the crucial experimental ingredient is the ability to accurately measure
the distance between the decay points of two B mesons. With modern vertex detectors
using silicon technology, one is able to measure this distance with a resolution of about
50 um. If a B meson facility is run with equal beam energies, the T(4S) is produced at
rest in the laboratory, and the two mesons do not propagate very far before they decay.
The typical distance between the B meson decay points in this equal-beam-energy geometry
would be about 30 um, a distance too small to discern with today’s detectors. The solution
to this dilemma, first proposed by Oddone [1987], is to boost the T(4S) in the laboratory
frame by running the collider with unequal beam energies, hence the term asymmetric B
factory. The asymmetry denotes the difference in energy between the electron and positron
beams. For example, if one chooses 9 and 3.1 GeV for the two beam energies [E_ | =
4Ei6wEhigh; the center-of-mass energy is thus that of the T(4S)], then the average distance
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2.3 Physics Motivation

between the two B meson decays becomes 180 um. Figure 2-6 shows the results of a
detailed simulation (see Hitlin [1989], pp. 69-83) of a measurement of sin 23, using the
CP eigenstate J/yK and kaons and leptons as tags. The distortion of the exponential decay
distributions, arising from CP violation, is readily seen.

The justification for an asymmetry in the beam energy is now clear: It is required to
give the T(4S) system a sufficient Lorentz boost to provide a measurable ;- #;
distribution. But how large does the asymmetry need to be? Figure 2-7 shows a
simulation of the measurement error for sin 2f3 as a function of the energy of the high-
energy beam. One sees a precipitous dependence on the asymmetry for energy choices
below 8 GeV. To remain safely above this region, and to protect against a less optimal set
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Fig. 2-6. A simulation of the decay length distributions for two classes of events.
The upper plot includes events where the first B decays to J/yK; and the second B
is tagged as a B, or the first B is tagged as a B? and the second B decays to J/yK;
(nj and ny); the lower plot has the two complementary topologies (ny and n3). For
details, see Hitlin [1989], pp. 69-83. The input value was sin 23 = —0.4; a fit to the
data yielded sin 28 = —0.408 + 0.023 for the assumed 100 fo-! of data.
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Fig. 2-7. The resolution for measuring sin 2 as a function of the energy of the |
electron (high-energy) beam. The upper (lower) dotted curve assumes a vertex
resolution of 120 ym (50 pm); the solid line assumes 80 um.

of experimental conditions than those assumed in the simulation, we chose to set the high-
energy beam energy at 9 GeV. This choice guarantees the full benefit of the asymmetric

geometry.

2.3.6 Justification for the Design Luminosity

We now turn to the issue of what the machine design luminosity ought to be if we are to
fully constrain the Standard Model within a reasonable period of time. A decision requires
doing very detailed simulations of the measurements of CP asymmetries, using a realistic
detector. Accordingly, simulations have been performed [Hitlin, 1989 and 1991] for a
wide variety of final states. It turns out that it is possible to employ many more B final
states than the CP self-conjugate ones referred to above. A number of impressive studies
have now shown that these final states also have measurable asymmetries, comparable to
those expected for J/yK and 7x. These states are those of mixed CP, such as J/wK* and
D**D*-, as well as states that are not CP eigenstates, such as px or a;7. Figure 2-8
shows the range of sensitivity to the angles o and B for an integrated luminosity of
100 fb-1, using only the CP eigenstates J/wKj (for B) and 77 (for ). A data set of this
size gives excellent coverage of the range of parameter space allowed by the Standard
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Fig. 2-8. The range of the Standard Model predictions for a.and B. The shaded
region represents the portion of this range covered (with 30 precision) by
measurements using the CP decay modes J/yK; (for p) and nr (for o). A data set
of 100 fb-1 was assumed.
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Model. Figure 2-9 shows what can be accomplished using the additional modes in Table
2-3, based upon a data set of 30 fb-1.

It is important to emphasize here that the large integrated luminosities shown in
Figs. 2-8 and 2-9 arise from the need to cover essentially the entire range of Standard
Model predictions. It is entirely possible that a significant measurement of a CP violation
asymmetry could be established with far less data. For instance, if the angle f were in the
middle of the predicted Standard Model range, sin 28 = 0.4, a 30 measurement would be
obtained with only 3 fb-1. Likewise, if the Standard Model were wrong, and sin 2§ were
positive, a clear indication of such an effect would require relatively little data. It is for
“less favorable” scenarios that the high luminosity is necessary.

Based on Figs. 2-8 and 2-9, we have concluded that an accelerator that delivers
30 fb-! per calendar year has spectacular discovery potential and will cover the complete
range of Standard Model predictions in a period of a few years. This then becomes the
design goal for the collider. To convert this into a design luminosity for PEP-II, we use
the “Snowmass convention” that a year has 107 seconds, taking into account accelerator
and detector efficiencies and the difference between peak and average luminosities. We
thus require a peak luminosity of 3 x 1033 cm=2 s-! to obtain 30 fb-! in one calendar
~ year.

Information gathered at the T(5S) resonance on the angle ¥ is complementary to the
measurements of & and B, but very large samples (several hundred fb-1) are required to
match the precision of the measurements done at the T(4S). For details, see Hitlin [1989],
pp. 84-91. Methods for extracting v at the T(4S) have also been developed (see Hitlin
[1992]).

2.3.7 Sensitivity to Nonstandard Origins for CP Violation

So far we have restricted ourselves to the use of CP asymmetries in the context of verifying
the Standard Model. The asymmetries are actually much more powerful: They can provide
deep insights in the event that the Standard Model proves to be incorrect.

The simplest statement that can be made is that, a priori, there is no reason to expect the
Standard Model range for sin 2f to be any more probable than the rest of the physical
range. Establishing that the Standard Model is wrong is therefore very direct and could
take relatively little running time, even at luminosities significantly below the design level.

The B0 meson CP laboratory is considerably richer than even this statement would
suggest, as has been outlined by Nir and collaborators [1990a, b, and c]. When we make
the predictions about CP asymmetries discussed above for the Standard Model, we make
several essential assumptions. We assume, for instance, that the nontagging B0 decay has
contributions from only one W-mediated quark subprocess. Multiple subprocesses (such
as penguin contributions) could significantly change the predictions of the Standard Model.
(It is fortunate that this assumption is reliable for the prototypical decay B0 — J/yKj,
where contaminations are considered to be below the few percent level.) We also assume
that both K-K and B-B mixing proceed via the Standard Model mechanism of a “box
diagram.” Both of these assumptions enter the calculations of the asymmetries in a central
way. What Nir and collaborators have shown is that experiments performed at PEP-II can,
through a specific set of measurements, pinpoint directly which of these underlying
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Fig. 2-9. The range of aand B predicted by the Standard Model that can be
covered (30) by a 30-ft~! data set, using a spectrum of CP decay modes (see Table
2-3). .
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Table 2-3. Summary of the assumptions used in the simulations of Fig. 2-9 to.
establish the measurement errors for sin 20 and sin 23 (here generalized as
sin 2¢). In addition, we have used as input a wrong-sign fraction of 8%, a BB
cross section of 1.2 nb, and a neutral B fraction of 0.5.

Assumed reconstructible = Tagging Reconstruction

Mode branching fraction efficiency efficiency o (sin 2¢)
(%) (%) (30 fb-1)
BO —Jyk?* 5 x 10~ x 0.12 45 51d 0.09
— JyK?® 5x 104 x 0.12 42 34 0.12
— JIYK ¢ 125 x 104x0.12x 033 45 30 0.13
- D+D-? 6 x 104 x 0.017 45 38 0.28
— D**D*- 16 x 104 x 0.017 45 21 0.21
Combined (2) 0.059
BY —»mtr© 2 x 10-5 45 35 0.20
S ptaF’ 6 x 10-5 45 48 0.12
> atnF 6 x 10-5x 0.5 45 42 0.15
Combined (2) 0.083
aSLAC-373.

bKEK Report 92-3, May 1992.

CAssuming decay dominated by a single CP eigenstate, and only using the K*0 — 70K mode.
I. Dunietz, H. Quinn, A. Snyder, W. Toki, H. Lipkin; Phys. Rev. D 43 2193 (1991).

dg, Hyatt, R. Fernholz, D. MacFarlane; BaBar Note 95, Feb 1993.

€SLAC-353.

fR. Aleksan, I. Dunietz, B. Kayser, F. LeDiberder; Nucl. Phys. B 361 141 (1991)

assumptions is breaking down. For instance, in the Standard Model, the asymmetry
measured in BO — J/yK; must have the same value as that measured in B® — D+*D-: If
these do not agree, the problem is uniquely with the assumption that K-K mixing proceeds
via the box diagram. It has also been shown [Nir, 1990c] that in a model in which B-B
mixing is predominantly due to Z-mediated flavor-changing neutral currents (rather than the
familiar box diagram), the predictions for & and 8 can be completely different from those in
the Standard Model; in fact, in this model, the Unitarity Triangle is actually a quadrangle.
All these eventualities lead to striking departures from the Standard Model predictions—and
they are all readily measurable at PEP-II.

It should also be reiterated that backgrounds in the reconstruction of B mesons in the
T(4S) environment are small, making it uniquely suited to the reconstruction of a large
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number of BO decay modes with measurable CP asymmetries, even those of higher
multiplicity and those that involve final state 79’s (see Table 2-3). This gives us the ability
to make important cross-checks, as well as to reduce the luminosity required for the
asymmetry measurements. Our simulations demonstrate that, for all the modes studied,
large detection efficiencies are possible, with excellent signal-to-noise ratios.

2.3.8 Other B Physics

As outlined in Hitlin [1989], data taken at the T(4S) yield a rich B physics program beyond
the area of CP violation. The production of several hundreds of millions of B mesons
permits a sensitive search for rare and unexpected B decays. These rare decays also
provide an important window to violations of the Standard Model. Processes involving
penguin diagrams (an example of which is the decay B0 — K*7) will be readily accessible.
It may also be possible to observe the decay BO — 7v,, which would yield a measurement
of the B decay constant fp, a fundamental parameter. PEP-II will permit the search for
rare decays at the level of 1 part in 108.

As pointed out earlier, the patterns of the heavy-quark decays are basic to an
- understanding of the weak interaction, and they determine directly the elements V;; of the
CKM matrix. A wide variety of b — ¢ and b — u hadronic decays are available for study,
as are b — ¢ and b — u semileptonic decays.

Whereas we have measured mixing in the B,? sector, mixing in the B2 sector has not
yet been observed. The mixing is expected to be more rapid: x; is expected to be in the
range 3-20 (compared with x4, which is 0.70). Observing this mixing is a high-priority
measurement. We have simulated a measurement of x; using same-sign dilepton events
observed in the decay of the T(5S). Requiring 10% measurement precision, x; is
measurable up to a value of 15 in a run of 30 fb-!. This result assumes that the energy
asymmetry at the T(5S) would be the same as at the T(4S); one gains rapidly in precision
by increasing the energy asymmetry. In all likelihood, the T(5S) running will be a second-
round experiment, following the first round of CP violation measurements done at the
T(4S). It would seem prudent, then, when moving the energy up to the T(5S), to also
reoptimize the interaction region geometry to provide a larger asymmetry. The PEP-II
design allows for such a change.

2.3.9 Charm Quark Physics

There is a long list of important topics in charm physics accessible at PEP-II by virtue of its
high luminosity.

Mixing in the DODP system can be measured at a level several times smaller than the
Standard Model prediction for this phenomenon. The expected limit on the mixing for a
30 fb-! run at the T(4S) is less than 6 x 10-5, compared with the Standard Model
prediction of about 10 or larger. This means that if the Standard Model prediction is
wrong, PEP-II will have adequate sensitivity to establish this fact. The same measurement
will yield information about CP violation in D decay, which is expected to be very small in
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the Standard Model. In a 30 fb-! run at the T(4S), we will be able to search for CP-
violating effects in the decays DO — K*K~ and DO — m*7~ at the 1% level. An effect this
large would be uncommonly interesting, but is rather unlikely.

As with bottom quark decays, charm quark decays provide valuable input for the
CKM matrix. Definitive measurements of both Cabibbo-allowed and Cabibbo-suppressed
semileptonic decay modes are possible.

Two new areas of interest in charm physics are the spectroscopy of the L = 1 D**
meson resonances and charmed baryons. This area of study has recently been initiated by
CLEO and ARGUS with small numbers of events. There are 12 D** L = 1 states.
Because this system is composed of one heavy and one light object (much like the
hydrogen atom), the energy levels are sensitive to the details of the long-range (scalar) part
of the potential. Mass splittings between the states are due to the spin-orbit interaction,
rather than the more familiar spin-spin interaction. A large number of events are required to
measure the masses, widths, spins, and splittings in this system. Estimates have been
made (see Hitlin [1989], Table 9.1, p. 236) of the number of events that would be
observed in these 12 states. For a 30 fb-! run, these numbers range from 700 to 20,000,
with typical signal-to-noise ratios of better than 1:1. There is also a rich spectroscopy of
-~ charmed baryon states, few of which have been observed. The same 30 fb-! run would
yield thousands of these events per mode (see Hitlin [1989], Table 9.2, p. 239), with a
signal-to-noise ratio of about 1:1.

2.3.10 Tau Physics

As far as we can discern, the 7 lepton is a heavier version of the muon and electron, all
three having properties strikingly consistent with the predictions of the Standard Model.
The level of certainty of this statement is, however, experimentally not as great in the case
of the 7 as it is for the two lighter leptons, as our studies of 7 decay involve statistical
samples many orders of magnitude smaller. There are, in fact, several inconsistencies in
the measurements of 7 branching fractions. PEP-II will provide an increase in statistical
power, relative to present studies, of one to two orders of magnitude, thus allowing much
more-thorough tests of the sequential lepton hypothesis for the 7.

Many specific measurements have been considered in detail. The limit on the 7
neutrino mass (currently less than 30 MeV) can be lowered to a few MeV. The Cabibbo
angle in 7 decay can be measured far more accurately than the current +20%. Searches for
second-class currents are possible at a level below the expectations of the Standard Model.
Rare decays can be searched for at the 10-8 level. The structure of the 7-W-v; vertex can
be studied in detail. Both 7 branching fractions and the 7 lifetime can be measured with
exquisite precision; these can then be combined to yield absolute decay widths. The
precision with which these measurements can be made is summarized in Table 2-4.

2.3.11 Upsilon Physics

Quarkonia, bound states of quark and antiquark, provide us with an excellent testing
ground for QCD, both perturbative and nonperturbative. Bottomonium (bb), the heaviest
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Table 2-4. Summary of T physics measurements.

Physics topic j-‘f dt (fb-1) Sensitivity Backgrounds Systematics
My, 100 ~ 3MeV None found 1.1 MeV;
@ 95% CL hadronic mass
scale & Mz
Cabibbo 30 0.5% Small; from 0.4%; from
angle T+~ background
and cuts
Second-class 30 5o signal if From 7+7-
currents BF=3x 10-3
Rare decays 100 BF <3 x 107 Dominantly
(T* = pruty) @ 95% CL TH-
Be/B, 30 0.2% Dominantly 0.4%; from
TYT- background
7 lifetime 30 _ 0.14% 1%; from gq 0.25%; from
vertex detector
position
Branching frac. 30 0.3% 2%; from qq 0.2%; from
(T—=evv) background
S A 30 p, 1 0(0.1%)
structure £, 60(1%)

known system, is the most amenable to theoretical interpretation, as both relativistic
corrections and higher-order QCD effects are much smaller than in the lighter quarkonia.
The spectrum of bottomonium states is very rich, and although many of the states have
been observed, a number of important spectroscopic measurements remain to be made.
Much of this physics is only accessible with statistical samples of the size to be available at
PEP-II. .
Among these measurements, we single out a few for illustration. Transitions from the
T(3S) and T(2S) states to the singlet S states (7)) and to the lowest singlet P state could
lead to the discovery of the pseudoscalar and pseudovector states and measurements of the
~ hyperfine splittings. Detailed studies of the known triplet P states are needed. Enhanced
studies of hadronic transitions between the T family are also much needed. High-statistics
studies of radiative transitions will be performed, including searches for nonstandard Higgs
particles. The T system can yield precise determinations of the strong coupling constant o
from comparisons of B meson branching fractions to different final states.
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These studies require that the machine be run at energies other than that of the T(4S).
Relatively short runs (5-10 fb-1) easily provide more than sufficient data for these
channels. These dedicated runs will be interspersed with T(4S) running: The accelerator
will have sufficient energy tunability to allow movement among the T resonances.

2.3.12 Two-Photon Physics

The study of final states produced in e*e~ reactions via the two-photon reaction (in contrast
to the more prevalent one-photon exchange) has been actively pursued over the last ten
years. Two-photon physics is now one of the primary sources of information about meson
spectroscopy and QCD, and it serves as a unique laboratory for exotic meson searches.
While a second generation of experiments is currently accumulating data, the much higher
integrated luminosities available at PEP-II will make it an ideal place to study two-photon
physics and will extend the range of results considerably beyond what could otherwise be
achieved in the next few years.

The two-photon reaction permits detailed studies of the properties of charge-
conjugation C = +1 mesons, which are not directly accessible in one-photon annihilation.
- The environment has many advantages for establishing the quantum numbers of these
states; in the special case of spin 1 particles, the TPC group at PEP has demonstrated a
unique method for determining the spin and parity of the states. The two-photon reaction
probes the quark content of hadrons in a manner different from that of one-photon
annihilation. The former has a rate proportional to the fourth power of the quark charges,
whereas the latter has a rate proportional to the second power. This enhances sensitivity to
the mesons containing up and charm quarks.

Two-photon reactions provide an ideal hunting ground for exotic meson states, those
that cannot be formed by pairs of quarks. Such states might include four-quark states,
states made from two quarks and a gluon, etc. Here, as with the C = +1 mesons, the high
luminosity of PEP-II will provide sensitivity to particle masses well above anything current
experiments will achieve.

The measurement of exclusive and inclusive hadron producnon in two-photon reactions
allows access to many aspects of QCD that remain difficult to probe in other ways.
Reaction rates and kinematic distributions yield important information on the distribution of
quarks and gluons inside hadrons. One can probe regions of high 02 and large two-photon
center-of-mass energy, where reliable perturbative QCD predictions exist. The total cross
section yields information about the hadronic nature of the photon, while photon structure-
function measurements permit a definitive test of perturbative QCD.

2.4 CONSTRAINTS IMPOSED ON THE ACCELERATOR BY THE DETECTOR

The detector required for this physics program imposes certain constraints on the
accelerator design, in addition to those of the energy asymmetry and the required
luminosity. The main constraints involve requirements of solid angle coverage, the radius
of the beam pipe, and the reduction of backgrounds.
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The detector will closely resemble a conventional 47 detector for e*e~ annihilation, with
a stronger than normal emphasis on good charged-particle and photon detection in the
forward direction. Sensitivity to CP asymmetries suffers significantly if the solid angle for
tracking is reduced, for example, from 95% to 85%. This leads to a requirement that the
machine components not encroach beyond a +300-mrad cone, measured relative to the
beam direction. This stay-clear region must be maintained to a distance of 2 m along the
beam axis.

One would expect that an experimental program that depends so heavily on vertex
detection for its success would require that a layer of vertex detector be at the smallest
possible radius. There are many reasons for a small beam pipe radius, such as reducing the
cost and improving many physics measurements, but they must be balanced against the fact
that the detector backgrounds improve with a larger beam pipe radius. -It is therefore
fortunate that the measurement of the CP-violating asymmetries, which is the experiment
motivating the entire facility, does not depend critically on this radius. Figure 2-10 shows
the relative error on the measurement of sin 2« (using B® — 77), as a function of the
radius of the first vertex detector layer. One sees that providing a beam pipe with a radius
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Fig. 2-10. The sensitivity of the measurement error for sin 2a, as a function of the
radius of the beam pipe. The resolution worsens slowly as the beam pipe radius
(that is, the radius of the first vertex detector layer) increases.
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in the region of 2—4 cm maintains resolution close to the best case, assuming an energy
asymmetry of 3.1 on 9 GeV. (For B; mixing, the story is somewhat different: Here it is
indeed best to have the smallest possible beam pipe radius.)

Detector backgrounds have two deleterious effects: radiation damage to the devices and
unacceptable occupancy levels. We have carefully studied the tolerance level for these two
effects on the main elements of the detector. These backgrounds arise from two sources,
namely, synchrotron radiation photons and lost particles (et)—either direct sources of
electrons and positrons or those resulting from photon conversions (independent of
whether the photons are from synchrotron radiation or bremsstrahlung). Our detailed
synchrotron radiation calculations were based on the appropriate photon spectrum, as
generated in the background studies (see Section 4.2). Energy-loss mechanisms in the
devices were also accounted for.

- Tables 2-5 and 2-6 show the tolerance levels of the silicon vertex detector and the
central drift chamber for these sources, as they pertain to detector occupancy and radiation
damage. For the silicon, we assumed a radiation limit of 200 krads/yr, and for the
occupancy limit, we assumed 10% per us in four strips [Browder and Witherell, 1991].
For the drift chamber, we took the radiation limit to be 0.5 C/cm of sense wire [Kadyk,

.. 1991}, and for the occupancy limit, we used 10% per us. For the calorimeter, we used the
results of recent measurements by Barton et al. [1991]. In this study, irradiation of a
CsI(TI) crystal with 60Co gamma rays to a dose of 100 krad resulted in a 75% reduction in
pulse height, along with a modest loss in resolution. In a similar irradiation of a CsI(Na)

- crystal, the pulse height reduction at a dose of 100 krad was only 10%. (It is unclear at this
time whether the behavior is influenced primarily by the dopant material or by the presence
of impurities. To better understand the radiation damage limits, such studies are
continuing.) We see that, in reality, the calorimeter radiation requirements are less stringent
than those for the other two devices.

- It is against these criteria that the estimates of backgrounds in Section 4.2 must be
measured.

Table 2-5. Silicon vertex deiéctor background limits.

Source Limit Flux (paiﬁcles/cmZ-ps) Rate (particles/us)

Synchrotron | Occupancy 2 550

radiation photons Radiation 1650
damage

Lost particles Occupancy 1 : 275

-+
€ Radiation 0.2 55

damage
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Table 2-6. Drift chamber backgrou—nd limits.

Source - Limit Flux (particles/cm2-ys) Rate (particles/us)
Synchrotron Occupancy - 1.0 30,000
radiation photons Radiation 2.0 60,000
damage
Lost particles Occupancy 0.0003 11 (1st sense
(et) _ wire layer)
Occupancy 0.0003 28 (middle sense
wire layer)
Radiation ’ 0.002 50 (1st sense
damage wire layer)

2.5 RUNNING SCENARIOS

In conclusion, we summarize the machine energy settings that one might anticipate for a
balanced physics program.

The physics running will commence on the T(4S); indeed, most of the running during
the first few years will be at that energy. The main focus of this program will be the study
of CP asymmetries in B; meson decays. This provides simultaneous study of a wide
range of topics in the areas of b quark, ¢ quark, 7 lepton, and two-photon physics. Open
questions at the T(1S), T(2S), T(3S), and T(5S) resonances can be addressed by short
runs (1-2 months). These runs would be interspersed with the T(4S) running.

After sufficient T(4S) data have been accumulated to establish the CP program, we
would contemplate a long (one year or more) dedicated run at the T(5S), so as to gain
access to a copious source of B; mesons. There are two separate physics motivations for a
major run at the T(5S). B, mixing may have already been observed through integrated
dilepton event samples, but a time development analysis is likely to require T(5S) running
at an increased energy asymmetry. In addition, CP violation measurements in B, decay
may prove to be crucial to a full understanding of the phenomenon. For such a dedicated
T(5S) run, we anticipate a reoptimization of the interaction region to accommodate an
increased asymmetry and improved vertex detection, including the possibility of a reduced
beam pipe radius. “This may also be the natural time to invest in a major luminosity upgrade
program.
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3.

GENERAL DESCRIPTION AND
PARAMETER CHOICES

IN this chapter, we give a general overview of the PEP-II

collider. First, we summarize the performance goals of the collider, based on the physics
considerations outlined in Chapter 2. Then, we briefly describe a design that meets these
requirements. To carry out the physics program of a B factory, the luminosity of the
facility must be improved by a factor of 15 over that of currently operating e*e™ colliders.
It is clear, of course, that this is a challenging goal, and one that is inherently at odds with
maintaining a “conservative” design in all areas. On the other hand, we are convinced
that a successful project must take seriously the concept of a “factory,” that is, the
machine must be designed—insofar as possible—to be highly reliable.
- As might be imagined, there are various possible machine configurations that could
be considered to achieve our performance goals. Therefore, it is necessary to make
certain choices from the outset to focus the design process. Such choices might be based
on the advantages (or disadvantages) of a particular site, on the experience and expertise
of the design team, or on judgments about the degree of reliability and/or flexibility
inherent in particular approaches. To put our-parameters in context, we include in this
chapter a discussion of the rationale for each of the major choices made in arriving at the
PEP-II configuration described in this report.

We have restricted ourselves to consideration of a B factory based upon storage ring
technology. At the present time, alternative approaches, such as linac-on-linac or linac-
on-storage-ring scenarios, are felt to be more speculative than the approach taken here.
For example, the technology of high-power, high-repetition-rate, high-brilliance linacs is
still in its infancy. Moreover, it does not appear that these alternative approaches offer
significant advantages over the more straightforward approach of extrapolating the
relatively well-understood performance of storage rings. This outlook is clearly shared
by many other groups worldwide that have actively pursued the design of a B factory
collider, all of whom have based their work on asymmetric storage rings [Funakoshi et
al., 1990; Hartill, 1990; Rivkin, 1990; Zholents, 1990].



" GENERAL DESCRIPTION AND PARAMETER CHOICES

3.1 DESIGN OVERVIEW

The primary performance goals for the collider, based on the discussion in Chapter 2, are
as follows:

* Achieving a peak luminosity of 3 x 1033 cm~2s-! in a reliable fashion

* Operating with an energy asymmetry of about 1:3 in the vicinity of the T(4S)
resonance, E. , = 10.58 GeV

* Storing high beam currents (1-2 A) stably and with adequate lifetime
» Maintaining acceptable detector background conditions

* Providing flexibility to accommodate both modifications to the assumed beam-
beam interaction parameters and optics changes near the interaction point required
by background considerations

The PEP-II design described in this report meets all of these requirements. Key
features of the design are summarized below:

* Low ﬁ; values at the interaction point
* Head-on collisions
* Flat beams (0,/0y = 25)
* Many bunches (kp = 1658 in each ring)
* Two rings (9-GeV e~ in the refurbished PEP ring; 3.1-GeV e* in a new low-energy
ring)
* Low-photodesorption, low-impedance vacuum chambers
- * Wigglers to control the emittance and damping time of the low-energy ring
*» Single-cell, room-temperature RF cavities
* Feedback systems for controlling multibunch instabilities
* A powerful injection system (the SLC linac)

The PEP-II collider is an upgrade of the existing PEP (“Positron-Electron Project”)
collider at the Stanford Linear Accelerator Center (SLAC); its major parameters are
collected in Table 3-1. To optimize the physics potential of the facility, we have adopted
an asymmetric design in which a high-energy electron beam of 9 GeV collides with a
low-energy positron beam of 3.1 GeV. We thus require a two-ring configuration, where
each beam circulates in its own vacuum chamber and is controlled by independent optical
elements, except in the interaction region (IR) where the beams collide. The high-energy
beam will circulate in the (upgraded) PEP ring; the low-energy beam will circulate in a
newly constructed ring.

Both the high-energy ring (HER) and the low-energy ring (LER) are located in the
existing PEP tunnel; a site plan for the facility is shown in Fig. 3-1. The tunnel has a
hexagonal geometry and accommodates a ring having a circumference of 2200 m. The
six straight sections in the PEP tunnel are each 120 m long; this provides generous space
not only for the IR but also for the various utility functions (RF, injection, etc.).
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3.1 Design Overview

Table 3-1. Main PEP-II parameters.

Low-energy ring High-energy ring

Energy, E [GeV] . ' 3.1 9.0
Circumference, C [m] 2199.32 2199.32
Emittance, &/, [nm-ad] 64.3/2.6 48.2/1.9
Beta function, 8} /g} [cm] 37.5/1.5 50.0/2.0
Beam-beam tune shift, & Jc/ o,y 0.03/0.03 0.03/0.03
RF frequency, frr [MHz] 476 476
RF voltage, Vrg [MV] 5.9 18.5
Bunch length, o, [cm] | 1.0 1.0
Number of bunches, kg 1658 1658
Bunch separation, sp [m] 1.26 1.26
Damping time, 7z/7, [ms] 19.8/40.3 18.4/37.2
Total current, I [A] 2.14 0.99
Synch. rad. loss, Up [MeV/turn] 1.14 3.58
Luminosity, € [cm~2s-1] 3 x 1033

~ Because the PEP tunnel was originally sized to house a second (proton) ring, there is
ample room for the LER to be mounted above the HER, as illustrated in Fig. 3-2. This
design choice, which leads to equal circumferences for the LER and HER, has several
advantages. First, it eliminates the need for the major conventional construction that
would result if a smaller-circumference LER were chosen. Second, it permits the same
number of beam bunches in each ring, thus avoiding possible concerns about coherent
beam-beam instabilities. Finally, the large circumference increases the luminosity
lifetime, compared with that in a smaller ring, by storing more particles (which are lost at
a constant rate in the beam-beam collisions) for a given luminosity. (To take full
advantage of the last benefit, it must be possible to fill the large ring quickly. As we will
discuss below, the linac injector available at SLAC is ideal for this purpose.)

Reutilizing the PEP tunnel has the added benefit of making many of the installed
utilities available for PEP-II, including power and water distribution, cable ways, etc.
This is advantageous not only in terms of costs, but also in terms of minimizing the
construction time for the facility. We also intend to reuse essentially all of the existing
PEP magnets for the HER. This too will yield significant cost and schedule benefits, with
no compromise on the performance of PEP-II.

PEP was built to operate at beam energies up to 18 GeV; therefore, its magnet
parameters are fully compatible with the requirements for the HER of the PEP-II collider.
For example, the PEP bending magnets have a magnetic radius of p = 165 m, which at
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Interaction
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PEP-II
storage rings —>
(underground)

0 50 100 200
Meters

Fig. 3-1. SLAC site plan showing the general configuration of PEP-II. The linac
beam enters the rings from the beam switchyard at the left. The SLC arcs are at a
different elevation from the PEP tunnel and thus do not intersect it.

9 GeV considerably reduces the synchrotron radiation power emitted by the high-energy
beam in PEP-II compared with that from a smaller ring. Thus, we will be able to
maintain a high beam current and a suitable asymmetry without prohibitively high
synchrotron radiation power losses. The natural emittance required for the PEP-II HER is
essentially that of the standard PEP lattice. Moderate adjustments to the emittance, such
as might be dictated by beam-beam considerations, can be accommodated either by
mismatching the dispersion function or by trimming the phase advance in one or more
sextants of the ring.
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Fig. 3-2. Cross section of the PEP tunnel, showing the locations of the two PEP-11
rings and installed utilities.

In the case of the LER, relatively short (0.45 m) bending magnets having a magnetic
radius of p = 13.75 m are used. Despite this choice, the natural emittance generated in
the ring dipoles alone would be considerably lower than the emittance called for in
Table 3-1. To handle this, we make use of wigglers in two straight sections to give
independent control of emittance and damping times. This approach provides a great deal
of flexibility to select the operating parameters of the LER in an optimum fashion.

The injection system for the collider is based upon the existing SLC linac injector, as
illustrated in Fig. 3-3. It is assumed here that the SLC experimental program will be
completed prior to the time PEP-II becomes operational, although it is likely that the
injector complex will still play a part in various R&D activities (for example, as injector
for the Final Focus Test Beam or, possibly, for a test section of the so-called Next Linear
Collider), in addition to its primary role as the PEP-II injector. Thus, the SLC damping
rings and positron-production target will be available for PEP-II. We will see in Chapter
6 that this combination is very powerful and provides an ideal injector for the PEP-II

project. With the injection system operating at only 10% of routine SLC intensity, the

top-up time for both collider rings is about 3 minutes.

To summarize, we note that from many viewpoints the PEP site at SLAC is an ideal
location for the construction of an asymmetric B factory collider:

» The availability of a large-circumference tunnel offers maximum flexibility in the
choice of collider parameters.
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3.2 Luminosity Considerations

* The existence of a powerful positron injector facilitates rapid commissioning and
ensures a high integrated luminosity.

» The existing PEP infrastructure permits the rapid construction and commissioning
of the facility.

In addition, the considerable accelefator design expertise and engineering strengths of
SLAC, LBL, and LLNL will ensure the successful and reliable operation of the facility at
its design luminosity.

3.2 LUMINOSITY CONSIDERATIONS

The first four of the key PEP-II design features listed earlier are dictated primarily by the
luminosity limitations associated with the beam-beam interaction. The physics issues
will be discussed in detail later (in Section 4.4), but here we will introduce the topic in the
context of parameter choices for the PEP-II project.

The general expression for luminosity in an asymmetric collider is cumbersome,
involving various parameters of both beams at the interaction point (IP). To simplify the
choices and to elucidate the general issues of luminosity for any B factory, it is helpful to
write the luminosity in an energy-transparent way. In this section, we express the
luminosity in terms of a single beam-beam tune shift parameter £, common to both
beams, along with a combination of other parameters taken from either the high-energy -
(e”) or low-energy (e*) ring, irrespective of energy.

With a few plausible assumptions (for example, complete beam overlap at the IP and
equal beam-beam tune shifts for both beams in both transverse planes), such parameters
as energy, intensity, emittance, and the values of the beta functions at the IP may be
constrained to satisfy certain scaling relationships. (Details of this approach are
presented in Section 4.4.) It then becomes possible to express luminosity in a simple,
energy-transparent form [Garren et al., 1989]:

*

By

£ =217 x10% £(1 +r)(’—§) [em-2 5-1] G

where

¢  is the maximum saturated dimensionless beam-beam interaction parameter
(taken to be the same for both beams, and for both the horizontal and the
vertical transverse planes) ’

r  is the aspect ratio characterizing the beam shape (r = 0,/0%)
I is the average circulating current (in amperes)

E s the energy (in GeV)

B, is the beta function at the IP (in cm)

The subscript on the combination (I-E/B; )+,_' means that it may be evaluated with
parameter sets taken from either ring.
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The scaling relations derived in Section 4.4 were used to produce a self-consistent set
of parameters that have been used in this report. After a few basic parameters are chosen,
such as the energies, the currents, the aspect ratios, and the lowest beta value at the IP for
each ring, most of the other parameters, including the luminosity £, follow. To a certain
extent, the choice of which parameters are specified and which are derived is arbitrary.
Nonetheless, as discussed below, there are many practical considerations that limit the
degrees of freedom in maximizing the luminosity.

Energy. The energies E +~- are not entirely free parameters; they are constrained
kinematically. To take advantage of the cross section enhancement at the T(4S)
resonance, the collider center-of-mass energy must be 10.58 GeV. Precise determination
of the decay vertices with a reasonable detector geometry then limits the energy ratio to
the range of about 1:3 to 1:5. Simulations of the beam-beam interaction (both our own
and those of others [Hirata, 1990]) argue for approximately equal damping times per
collision (“damping decrement”) in the two rings, which is more easily accomplished
when the energy asymmetry is reduced. On the other hand, magnetic separation becomes
easier when the energy asymmetry increases. Taken together, these considerations lead
to an optimum energy of the high-energy beam of E =~ 8-12 GeV, and the corresponding
energy of the low-energy beam is thus E = 3.5-2.3 GeV. For the PEP-II design, we have
adopted energies of E_ =9 GeV and E,_ = 3.1 GeV.

Beam-beam tune shift. The beam-beam tune shift parameter & is not really a free
parameter; it is determined intrinsically by the nature of the beam-beam interaction. The
range of maximum beam-beam tune shifts achieved in existing equal-energy e*e-
colliders is & = 0.03-0.07. We chose a moderate value of £ = 0.03 as the basis of our
nominal luminosity estimates. (For simplicity, we assume at this point that the & values
of both beams, in both transverse planes, are equal. Less restrictive assumptions would
lead to a parameter dependence similar to that in Eq. 3-1, as discussed in Section 4.4.)
Insofar as considerably higher tune-shift values than this have already been observed at
PEP—even with multiple IPs—we consider the value of 0.03 to be reasonable for
estimating the performance of an asymmetric collider.

One implication of the tune-shift limitation is that increased luminosity must perforce
come from decreasing the bunch spacing s, that is, increasing the number of bunches.
The push towards small bunch spacing has a significant impact on the design of the IR,
which must separate the beams sufficiently to avoid unwanted collisions. (As will be
discussed in Section 4.4, including the effects of parasitic crossings makes the £ value we
have adopted less conservative.) The close spacing also exacerbates the problem of
controlling coupled-bunch beam instabilities, because it increases the bandwidth
requirement of the feedback systems.

There is evidence from computer simulations [Krishnagopal and Siemann, 1990] that
the maximum achievable & may depend on the beam aspect ratio: & = &(r). This is a
controversial issue, now being debated, but it is known that an enhancement in & (for
round beams) of at best a factor of two can be obtained. As will be discussed below,
there are significant difficulties associated with round beams, having nothing to do with
the beam-beam interaction, that make this option unattractive even if the tune-shift
enhancement proves to be correct.
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3.2 Luminosity Considerations

Beam Aspect Ratio. The aspect ratio r is free to the extent that one can create round
beams. However, the physics of the beam-beam interaction is sensitive to the method
(coupling resonances, wigglers, etc.) used to make the beams round. Although the use of
coupling resonances is a straightforward way to obtain a round beam, it is not clear that
applying such a constraint in tune space—where the nonlinear effects of the beam-beam
interaction manifest themselves—is the best thing to do. The use of wigglers or phase-
plane rotators offers the potential advantage of producing round beams via a noiselike
excitation that should not correlate with the subtleties of the nonlinear tune-space
behavior.

In the LER, one could imagine the use of wigglers to create a large vertical emittance
corresponding to r = 1. In the case of the HER, where the synchrotron radiation emission
in the horizontal bending magnets is already very large, the addition of sufficient
wigglers (in an intentionally created vertically dispersive region) to produce a round
beam is nontrivial, although it is certainly conceptually possible. This technique may,
however, be impractical from the viewpoint of synchrotron radiation power. Therefore,
optics changes (via skew quadrupoles) would likely be the preferable way to create round
beams in the HER.

If there is no increase in the beam-beam tune shift, the maximum enhancement from
the use of round beams is a factor of two, that is, r = 1 gives (1 +r) =2 in Eq. 3-1. (As
discussed below, however, the limit on [3; is lower in the flat-beam case, so the
geometrical gain does not appear to be realizable in practice.) If the tune shift itself
increases, a luminosity improvement by another factor of two might result. Such
enhancements potentially permit the same luminosity to be reached with a twofold or
fourfold decrease in the required beam current.

The fundamental disadvantage of round beams lies in the optics required to focus
them. Near the IP, very strong quadrupoles are required. Because of the magnetic
separation scheme, at least one of the beams must be off-axis in the quadrupoles, which
results in the production of copious synchrotron radiation very close to the detector. In
our earlier attempts [LBL, 1989; LBL, 1990] to explore the round-beam case, up to 750
kW of synchrotron radiation power was emitted within a few meters of the IP. To handle
this power, and the photon background that comes with it, in such a spatially constrained
region appears at best to be very difficult.

Flat-beam optics, in contrast, produce an order-of-magnitude less synchrotron
radiation power near the IP. In this case, a masking and cooling scheme is practical,
though still difficult. The flat-beam solution we adopted is described in detail in
Section 4.2. It is worth noting here that, even taking account of the possible reductions in
beam current resulting from the use of round beams, the synchrotron radiation power near
the IP in the round-beam case would be at least twice that of the flat-beam solution
adopted here.

For the flat-beam case, there are some constraints on how low the aspect ratio can be.
In the LER, the need to displace the beam vertically in the IR contributes to vertical
emittance. For the HER, there is no such limit. In any case, we are concerned that the
independent optics in the two rings could lead to a tilt of the two “ribbon beams” at the
IP, such that the luminosity degrades quite substantially. The beam separation scheme
gets easier if the aspect ratio of the beams is large (due to the lower angular spread of the
beams at the IP), so it is to the designer’s advantage to postulate as large a ratio as
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possible. The PEP-II design is based upon an assumed aspect ratio of r = 0.04; this value,
conservative from the standpoint of ensuring a good collision geometry, makes the
requirements on beam separation more stringent. (Because the limit associated with the
weak LER vertical bends is only r = 0.001, we have considerable margin for
improvement. This has not been taken into consideration in assessing the efficacy of the
separation scheme discussed in Section 4.2.)

Beam Intensity. The average beam current [ is a relatively free parameter, but not
absolutely so. It is determined by various current-dependent coherent effects. The
storage rings must accept the chosen currents, given certain impedances in the paths of
the beams. There are several intensity-dependent issues with which we must be
concerned:

* Longitudinal microwave instability, which causes individual beam bunches to
grow both in length and in momentum spread; both the increased bunch length and
the increased center-of-mass energy spread can reduce the effective luminosity

* Transverse mode-coupling instability, which limits the maximum current that can
be stored in a single beam bunch

* Touschek scattering, which causes particle loss (from large-angle intrabeam
scattering) and reduces the beam lifetime

* Coupled-bunch instabilities, which, unless controlled by feedback, can lead to
unstable longitudinal or transverse motion and thus to either beam loss or
luminosity loss

* Synchrotron-radiation-induced gas desorption, which can lead to very high
background gas pressure and thus to beam losses from gas scattering

- » Synchrotron radiation heating of the vacuum chamber wall, which can lead to
melting of the chamber if the power density is sufficiently high

As will be discussed in Section 4.3, for our chosen parameters, the first three issues
listed above are not expected to limit the performance of PEP-II. Based on our present
estimates, the issues of most concern to the PEP-II design are coupled-bunch instabilities
(driven by parasitic higher-order modes of the RF system) and synchrotron-radiation-
induced gas desorption. Means to deal with the former issue are discussed in Sections 5.5
and 5.6. Problems arising from the latter issue require innovations in vacuum chamber
design; our approach, based on a copper vacuum chamber, is described in Section 5.2.
To provide a safety margin and to permit some room for future improvements, we have
considered a maximum beam current of 3 A in the design of the vacuum systems for both
the HER and the LER.

Beta Function at the IP. The beta function at the IP, ﬁ , is a free parameter and is
easily variable down to a few centimeters, subject to the bunch-length condition oy < [3),
that arises from considerations of the beam-beam interaction. (Specifically, we wish to
avoid luminosity loss resulting from either the increase in beam size away from the IP or
the excitation of synchrobetatron resonances.) As the beta functions are reduced, of
course, it becomes difficult to reduce the bunch length accordingly. Either the RF
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voltage becomes excessive or the IR optics become unmanageable owing to the increased
chromaticity. We have taken a bunch length of 6, = 1 cm, which then restricts the value
of B; to the range of 1-3 cm.

It turns out that, for round-beam optics, the chromaticity tends to be about twice that
of flat-beam optics. Thus, whatever chromaticity is tolerable in the round-beam case can
be reached equivalently with flat-beam optics in which the ﬁ; value has been reduced by
a factor of two. This means that, in practice, the factor of two increase in luminosity
implied by Eq. 3-1 is largely illusory.

- From Eq. 3-1, it is clear that the Juminosity is maximized with high currents and low
ﬂ;. What are the implications regarding these parameters for a lummosny goal of
3 x 1033 cm2 5717 Followmg a conservative route, we use a typical low g of a few
centimeters (1.5 cm in the LER, 2 cm in the HER), & = 0.03, and flat beams (r = 0.04).
These choices imply an average circulating current I of several amperes (2.14 A in the
LER, 0.99 A in the HER). As mentioned above, those portions of the vacuum chambers
that would be difficult to upgrade later in the project have been designed to handle up to
3 A of beam current.

As a final point, we note that, for the initial phase of the project, we have adopted a
design based upon a head-on collision geometry. This configuration has been employed
successfully in many colliders and is therefore felt to be a prudent choice. It is possible,
however, that detector backgrounds could be reduced by going to a nonzero crossing
angle geometry, either one with a small uncorrected crossing angle or one in which the
bunches are tilted transversely with respect to their direction of motion (a so-called “crab-
crossing” scheme) to avoid the excitation of synchrobetatron resonances. To permit
reaching higher luminosity values in the future, therefore, we do not wish to preclude this
alternative now. Fortunately, because the separation scheme adopted here operates in the
horizontal plane, the proposed layout lends itself quite well to later modification to a
nonzero crossing angle scheme. This possibility is not part of the present project but
could be considered as a future upgrade.

3.3 RF CONSIDERATIONS
There are two important choices to be made in the design of the RF system: frequency

and technology (room temperature vs superconducting). The issues involved are
discussed below.

3.3.1 Choice of Frequency

The choice of frequency is influenced by a number of intertwined issues. We have
already discussed the need for obtaining short bunches, 6, = 1 cm, to avoid a loss in
luminosity. To obtain short bunches, it is necessary to increase the longitudinal focusing
of the RF system, which can be accomplished with either additional voltage or higher
frequency. Indeed, in the limit where the applied voltage is large compared with the
synchrotron radiation energy loss (that is, cos ¢s -1), the two parameters are
essentially equivalent and o, < (VRgfrp)1/2.
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The aperture of the accelerating cavities must be sufficient to avoid reducing the
beam lifetime and to avoid introducing excessive transverse beam impedance into the
ring. In practice, these constraints limit the choice to only a few frequency “islands”
(f = 350 MHz and 500 MHz) for which high-power (=1 MW) klystrons are commercially
available. Because we must provide 1-cm bunches, we find that—even with equal
apertures—the upper frequency range, near 500 MHz, offers lower power and lower cost;
it is thus the preferred choice.

To pick the exact frequency, we must bring in additional consxderatlons. The
injection system timing requirements are best handled by having the linac and storage
ring RF systems phase-locked, which is most easily accomplished if the two frequencies
are harmonically related. The advantage of phase-locking the two RF systems is
expected to show up primarily in the feedback system requirements. Any phase jitter at
injection will initiate oscillations that must be controlled by the longitudinal feedback
system. Such injection jitter can easily dominate the feedback system design, in the sense
of determining the power required by the system. Because the SLAC linac operates at a
frequency of 2856 MHz, the possible harmonically related choices are 357 and 476 MHz.
As mentioned, we prefer a higher frequency to reduce the voltage requirement, so we

~ have adopted 476 MHz for the PEP-II RF system.

3.3.2 Choice of Technology

The choice of room-temperature or superconducting RF is also a complicated issue.
Given the parameters of PEP-II, superconducting technology would not be of much
benefit in reducing the power requirements of the facility. Even for room-temperature
cavities, only about one-third of the RF power will be dissipated in the walls, and the
power associated with cryogenics for a superconducting RF system would consume a
significant fraction of the potential savings. Thus, the choice is not dominated by
operating cost considerations.

The potential benefit of a superconducting RF system is that it can provide a high
voltage with relatively few cavities. This is important because the most serious beam
instabilities in PEP-II (the coupled-bunch instabilities; see Section 4.3) are driven
primarily by the higher-order-mode (HOM) impedance of the RF cavities. Reducing the
number of cavities lowers the instability growth rates proportionately, which in turn
reduces the feedback system power requirement quadratically (unless the power is
already limited by injection jitter).

As mentioned, in the case of PEP-II the RF power requirements are dominated by
beam loading; that is, the majority of the power put into a cavity goes to the beam itself,
even in the case of a room-temperature system. The limit on the number of cavities, then,
is dictated by the power-handling capability of the RF input coupler. In the PEP-II HER
design, a 20-cavity room-temperature RF system requires about 300 kW per cavity, of
which about two-thirds goes into the beam. If the difficulty of designing a reliable high-
power input coupler were the same in a superconducting environment as it is in a room-
temperature environment, then the number of cavities could possibly be reduced by one-
third in the superconducting case. A moderate derating of the input power capability in
the (presumably more difficult) superconducting case, however, would lead to roughly
equal numbers of cavities in the two scenarios.
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A difficulty with superconducting cavities that requires new technology arises from
the need to remove the HOM power deposited in the cavity by the high-current beam.
For the room-temperature case, solutions for this problem have been demonstrated in test
cavities and can be implemented in a reasonably straightforward manner (see
Section 5.5). The problem of removing hundreds of kilowatts from the cryogenic
environment, however, has not been solved. At present, the Cornell RF group [Padamsee
et al., 1990] 1s working on this problem, and it may be solvable with appropriate R&D.

On balance, superconducting RF technology for a high-luminosity collider seems to
require a significantly larger performance extrapolation than does room-temperature
technology, and it is not judged by us to be a sufficiently mature platform on which to
base a “factory” at present. Therefore, the present proposal is based on a conventional
room-temperature RF system, as described in Section 5.5. :

3.4 RELIABILITY CONSIDERATIONS

The physics requirements for PEP-II are associated with a large integrated (as opposed to
peak) luminosity. Therefore, it will be necessary to pay attention to reliability issues
from the outset. Several approaches can be used to improve the reliability of the facility:

* Provide safety margins in the initial design parameters

* Design the control system to facilitate failure diagnosis

* Design the hardware in a modular fashion to facilitate repairs
~ * Maintain adequate spares

* Use a powerful, fully automated injection system to recover quickly from beam
loss

All of these approaches will be taken at PEP-II to maximize the machine operational
efficiency.

The operational efficiency is defined as the availability of the machine, during
scheduled physics running, for collisions that provide usable physics luminosity. The
goal for the operational efficiency has been established using the following criteria:

» The machine will deliver 30 fb-! per calendar year

* The machine wili operate for 9 months (274 days) per calendar year
* The peak luminosity will be 3 x 1033 cm2 51

* Scheduled maintenance will be 2 days per month

* Machine physics will be 4 days per month

* Injection from scratch will occur three times per day

The rest of the injection cycles will be in “top-off” mode, which will provide an
equivalent luminosity of 71% of the maximum deliverable luminosity (see Chapter 6).
(The 71% efficiency value assumes a 6-minute top-off time, twice the design value, but is
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fairly insensitive to this assumption—increasing the top-off time from 6 to 10 minutes,
for example, reduces the efficiency to 65%.)

Injection into an empty ring will often occur because of a failure in one of the
machine subsystems that is, in principle, preventable. Down-times resulting from these
preventable failures will properly be charged against the operational efficiency. There
will also be some aspects of lost time, most of which will show up in the injection mode,
that are not easily attributable to preventable failures. Examples are “green-thumbing”
the machine into an unacceptable operating mode (probably requiring a magnet
standardization), tuning to reduce excessive backgrounds, etc. For these inevitable
problems, we have budgeted 1.5 hours per day of lost collisions.

The above criteria establish for the design staff the appropriate goal for PEP-II
operational efficiency—it must be at least 75% to yield the required integrated luminosity
of 30 fb-! per year under the conditions described above. While we recognize that it will
not be possible to reach this goal immediately, it is clear that highly reliable operation of
PEP-II mandates a careful and conservative design approach. This has been our guideline
for the design presented here.
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4.

COLLIDER
DESIGN

IN this chapter, we describe the physics designs of the two
storage rings that make up PEP-II. The concepts described here have evolved over the
past several years and are based on numerous interactions among the lattice designers,
detector designers, and engineering staff. More than has been true for most past colliders,
the PEP-II design has, from the outset, focused heavily on the issues of flexibility and
reliability. In addition, it was recognized that the success of the PEP-II project, measured
in terms of its ability to produce the requisite physics data, would depend on special
-attention being paid to the machine-detector interface. The issue of background
suppression is so central to the project that it quite strongly influenced the lattice design.

In what follows, we first describe the lattice designs themselves and the beam
focusing and separation solutions we have adopted. Thereafter, we describe the detailed
background and masking studies we have undertaken. The design we have arrived at has
considerable safety margin in terms of expected vs tolerable background levels, based on
careful and systematic examination of all background sources. Because of the high beam
intensity required for PEP-II, it is important to examine the influence of collective effects
on the ring performance. These are discussed in Section 4.3. Our choice of many
relatively low-current bunches results in there being no single-bunch thresholds that lead
to performance limitations. Coupled-bunch instabilities are important, however. We
have developed means to deal with this problem by damping the cavity HOMs and by
feedback. These solutions are described in Sections 5.5 and 5.6. Beam lifetimes have
been examined for both rings and found to be acceptably long. Because we wish to
achieve a very high luminosity, we have looked carefully at the performance limitations
imposed by the beam-beam interaction. Detailed results of our simulations appear in
Section 4.4.



COLLIDER DESIGN

4.1 LATTICE DESIGN

4.1.1 High-Energy Ring

The design of the lattice for the high-energy ring (HER) has been influenced by the
following criteria:

e It must meet all the conditions necessary to obtain the desired luminosity of
3 x 1033 cm~2 s~1. These conditions require that the beta functions at the collision
point be correct; that the emittance, energy spread, and momentum compaction
factor be brought to their proper values; and that the dynamic aperture of the ring
be adequate.

It must fit in the PEP tunnel, leaving space for existing services and enough aisle
space for the passage of magnet trolleys, etc., and it must have the correct
circumference for the chosen RF frequency and harmonic number.

* It must be arranged in the tunnel such that it is easily supported and aligned.

It should be designed such that existing PEP components and services are used as
much as possible (provided that the design is not compromised by doing so).

The lattice we have adopted meets all the criteria outlined above. In Fig. 4-1 we show a
layout of the PEP tunnel. The straight sections of the hexagonal ring are labeled
according to the clock. (The straight sections have even numbers, and the arcs
connecting them are odd-numbered regions.) Figure 4-2 shows the lattice functions of
the HER, B, B,, and D, starting and ending at the center of the straight section in
region 8. (The HER lies in a plane and Dy is zero everywhere.) Collisions take place in
the center of the straight section of region 2, which is shown in the center of the figure.
In the straight section of region 8 (and also in region 6) the beta functions are seen to be
somewhat uneven. This is because these straights are used to adjust the betatron tunes of
the lattice. In arcs 5, 7, 9, and 11, the horizontal dispersion function is mismatched. This
(controllable) mismatched dispersion function is used to adjust the horizontal emittance
of the beam. Region 10 is the injection straight section, where the beta functions are
tailored to optimize the injection process. Arcs 1 and 3 have a regular dispersion function
to make it easier to match the chromatic properties of the interaction region by adjustment
of sextupoles. The design of the lattice is modular, and the individual modules can be
adjusted with little or no effect on the remainder of the lattice. The basic modular
building blocks of the lattice are regular arcs, dispersion suppressors, and straight
sections. Details of each of these lattice modules are discussed below.

4.1.1.1 Choice of Cell Length. Before design can start in earnest, the length of the
standard arc cell must be chosen. One obvious choice of cell length would have been to
leave the layout of the ring components exactly as it is in PEP, so that PEP essentially
becomes the HER. Consideration of this possibility, however, showed that such a layout
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Fig. 4-1. Layout of the PEP tunnel. The numbering system follows the clock,
with the straight sections being even numbers; IR = interaction region.

would not suffice and that the cell length would have to be changed. There are three
factors that enter:

"« The HER is located closer to the tunnel floor than the PEP ring, so that the low-

energy ring (LER) can be mounted above it while still providing sufficient space
for cable trays, etc. Therefore, the present support structure will have to be
replaced.

The circumference of the ring has been slightly changed to match the new RF
frequency chosen for PEP-II. The circumference of PEP was 2200.0004 m,
whereas the PEP-II HER circumference will be 2199.318 m. The harmonic
number of the HER is 3492, compared with 2592 for PEP.

The new copper vacuum chambers cannot be fabricated in sections as long as the
PEP (aluminum) chambers, so extra space is needed for additional flanges.
Therefore, the cell length must be longer than the 14.35 m of the PEP cell.

To accommodate the longer cell, we must remove the short (symmetry) straight
sections located at mid-arc in the present PEP lattice. (A half-sextant of PEP was made
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Fig. 4-2. Lattice functions N By, V B y> and Dy (horizontal dispersion function)
Jor the complete HER, starting at region 8. The collision region (region 2) is
shown in the center of the figure.

up of a long straight section of just over 60 m, followed by an arc section and terminated
by a short straight section of about 2.5 m. This short straight section was used as a utility
straight and was tailored to the needs of PEP. For PEP-II, however, the utilities are more
usefully placed in the long straight sections.)

PEP has 192 main dipole magnets, 16 in each half-arc, 2 per standard FODO cell.
Keeping this structure, a range of cell lengths was investigated for two different types of
dispersion suppressor. The missing-magnet type of dispersion suppressor was found to
be unsuitable for the HER, because the “gap” in the bending makes the central orbit too
different from the present PEP central orbit, giving layout problems in the tunnel. A
dispersion suppressor consisting of two cells, each of approximately 90° phase shift, gave
an acceptable geometry for the beam orbit.

A computer code was developed to plot the deviation of the central orbit of the beam
relative to the central orbit of a smooth version of PEP. (A “smooth PEP” consists of
straight sections of the appropriate lengths sandwiching an arc of constant radius.) The
results of the survey of cell lengths are shown in Fig. 4-3.

In Fig. 4-3, three parameters are plotted as a function of cell length: The straight
lines, labeled “mid-arc” and “mid-straight,” show the deviation of the orbit from the
smooth PEP orbit at the symmetry point (mid-arc) and at the original PEP interaction
point (IP, in the center of a long straight section). The curve shows the maximum
deviation of the orbit in the arc toward the inside of the smooth PEP orbit. It is seen that
a cell length of 15.2 m gives an orbit closest to the original PEP orbit and thus minimizes
layout problems in the tunnel. This cell length is also long enough to meet the spatial
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Fig. 4-3. Results of computations to find the optimum length for the regular arc
cells. The radial displacement from the smooth PEP orbit is plotted as a
Junction of cell length. The displacement is plotted for mid-straight, mid-arc,
and the greatest excursion inside the PEP orbit.

requirements given by mechanical engineering considerations and is thus a good choice
on that basis as well.

With this choice of cell length, the long straight sections can be segmented into eight
cells of about the same length as the regular arc cells. The various cell lengths of the
HER modules are summarized in Table 4-1.

The geometry of a normal sextant of the HER is shown in Fig. 4-4, where the ordinate
denotes the radial position of the beam orbit relative to the smooth PEP orbit. The curve

Table 4-1. Lengths of PEP-II lattice modules.

Cell length (m)
Module HER LER
Arc 15.2 15.191
Straight section 15.419 16.030, 14.608
Dispersion suppressor 15.2 15.191
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Fig. 4-4. Geometry of the HER orbit in the PEP tunnel relative to that of a
smooth PEP orbit. The radial displacement of the orbit is plotted as a function
of distance along the orbit from mid-arc to mid-arc. Negative AR values
correspond to being inside the smooth PEP orbit. A different geometry applies
in the special case of the collision sextant (cf. Fig. 4-13).

close to the zero position is the actual PEP orbit, the small wiggles being due to the
nonuniform bending in a PEP cell (due in turn to the fact that the dipoles occupy most,
but not all, of the length). The other curve shows the deviation of the orbit of the HER
from the smooth orbit. At the ends (symmetry points in the arcs), the HER orbit is just
under 20 cm outside of the smooth orbit; in the long straight section (center section of the
plot), the orbit is again just less than 20 cm outside the PEP orbit; and in the arcs, the
orbit comes inside the PEP orbit by about 26 cm. With this layout for the HER, there is
enough clearance on the inside for the existing PEP services, and there is enough space in
the outer aisle for magnet trolleys to pass.

4.1.1.2 Normal Sextant. A phase shift of 60° per cell was chosen to obtain a beam
emittance slightly below the emittance required for the design luminosity. As will be
discussed shortly, the emittance can be changed, in a controlled fashion, above and below
the design value. The phase advance of 60° per cell is also optimal for the control of the
chromatic properties of the lattice by sextupole compensation. The lattice functions for a
normal sextant are shown in Fig. 4-5. It can be seen that the lattice is quite well matched;
the dispersion function is zero in the straight section and the beta functions are regular
throughout, except for a small beating in the dispersion suppressor cells. Beta function
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Fig. 4-5. Lattice functions for a normal sextant of the HER, plotted as a
function of position in the sextant, from mid-arc to mid-arc. Dispersion is
matched to zero in the straight sections.

values are moderate in the straight section, making it a suitable place for locating the RF
accelerating cavities. ' ‘

4.1.1.3 Emittance Control Sextant. The HER beam emittance is controlled by
adjusting the dispersion function at the position of the main dipoles, where most of the
synchrotron radiation is generated. It is, of course, possible to have a portion of the
lattice with a phase shift per cell different from 60°. (As the phase shift per cell
decreases, the dispersion function increases and therefore the emittance increases.)
Adjustment in this fashion is workable, but has the disadvantage of increasing the
momentum compaction factor &. This means that additional RF accelerating voltage
would be needed to maintain the desired 1-cm bunch length. Instead of this phase
adjustment, we have chosen to use a mismatched dispersion function in the arcs of four of
the six sextants. Similar to an orbit bump, the dispersion mismatch is confined to the arc,
with the dispersion in the adjoining straight sections remaining at zero. Although the
average value of D remains unchanged by this modulation, it is the square of the
dispersion function that determines the increase in emittance. Figure 4-6 shows an
emittance control sextant that is mismatched sufficiently to increase the emittance from
40 nm rad to 48 nm rad. (In reality, there is no sextant exactly like the idealized version
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Fig. 4-6. Lattice functions for an emittance control sextant of the HER. The
dispersion function mismatch is confined to the arcs, the dispersion function
being zero in the straight section.

in Fig. 4-6, because the straights adjoining these arcs are all special.) The modularity of
our lattice design allows “plugging in” sections in a mix-and-match manner without
having to do any lattice rematching, apart from possibly having to restore the betatron
tune.

4.1.1.4 Injection Sextant. As explained in Section 6, we have chosen to inject in the
vertical plane, i.e., the injected bunch merges with an already stored bunch in (y,y") phase
space. We inject at a location with a high vertical beta function so that the septum
thickness is small relative to the 100 vertical extent of the beam. As shown in Fig. 4-7,
the higher B, value is achieved by means of a one-cell, quarter-wave transformer (after
first adding one normal empty cell at each end of the injection straight section). The
chromaticity introduced by the high-beta cell is no more than that generated by any other
90° cell.

Two identical kickers, placed 180° apart in vertical betatron phase, are used for
injection. A four-magnet DC beam bump is also employed to bring the stored beam
closer to the injection septum and thus reduce the kicker performance specifications. The
DC bump also controls the angle of the stored beam orbit at the injection septum.

4.1.1.5 Phase Control Sextant. The straight sections of two sextants will be used to
change the betatron tune of the HER. Even a single phase-control sextant would
probably have enough range to be acceptable, but the choice of two sextants improves the
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Fig. 4-7. Lattice functions for the injection straight section of the HER.
Injection takes place in the vertical plane. The beta functions are transformed to
higher values by a long 90° cell that acts as a quarter-wave transformer. The
kicker magnets are separated from each other by 180° in vertical betatron phase.

beta functions at the extremes of the required tune range. The phase control straight
sections are located in regions 6 and 8. The optical functions of a phase control sextant
are shown in Fig. 4-8. (The beta functions in the straight will vary slightly depending on
the betatron tune of the HER.)

4.1.1.6 Interaction Region Sextant. The IR sextant is very special and is considerably
more complicated than the other sextants. The IR, described in Section 4.1.2, is at its
center. The arcs on either side have matched dispersion functions so as to facilitate the
correction of chromatic aberrations produced by the IR focusing that gives the ﬁ; of
2 cm. Between the IR and the arcs are the matching elements. The matching of the HER
is fairly simple owing to the fact that the ring lies in a plane (that is, there are no vertical
bends). The lattice functions for the collision sextant and right-hand half-sextant are
shown in Figs. 4-9 and 4-10, respectively. In Fig. 4-9 notice the antisymmetry of the
dispersion function caused by the S-bend geometry.

Figure 4-11 shows the first 10 m from the interaction point (IP). The dipole B1
initiates the separation of the beams, the separation being augmented by the quadrupole
QD1, which is centered on the high-energy beam and deflects and focuses (vertically) the
low-energy beam. It also gives considerable vertical “prefocusing” to the high-energy
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Fig. 4-8. Lattice functions for the phase control sextant of the HER. The beta
functions are almost regular in the straight section where the phase shifter is
located. '
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Fig. 4-9. Lattice functions for the collision sextant of the HER. Note the
symmetry of the beta functions and the antisymmetry of the dispersion function
in the straight section.
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Fig. 4-10. Lattice functions for the right-hand half of the collision sextant of
the HER. The B4 magnets that steer the orbit into the arcs are shown here.

beam (at the expense of some horizontal defocusing). Quadrupole QF2 (see Section
5.1.3.4) is a septum quadrupole, affecting the low-energy beam only; the high-energy
beamn passes through a field-free region.

Upon entering QF2, the low-energy beam is fully separated from the high-energy
beam and the HER optical elements are independent of those for the LER. Beyond QF2
is a small permanent-magnet dipole BH1 and the main HER focusing elements QD4 and
QF5. Although BH1 has a negligible effect on the optics of the high-energy beam, it
serves to deflect the beam orbit sufficiently that the synchrotron radiation from QD4 arid
QF5 is not pointing directly at the IP, thereby avoiding this potential source of
background. As Fig. 4-11 shows, QD4 and QFS serve to turn over the beta functions
coming from the IR and reduce the slope of the dispersion function to near zero. The
dispersion function produced by the bending in the IR should be corrected before
matching the IR into the arc region. (Strictly speaking, this is not necessary, but to keep
the design modular, it is advantageous to insist on it.)

Figure 4-12 shows the 60 m from the IP to the start of the arc (that is, to the entrance
of the dispersion suppressor). The dispersion function and its slope are brought to zero
by the dipole combination B2 and B3. These are very weak dipoles, each made up of
four of the PEP low-field bends. The bending is purposely kept very weak to avoid
problems with synchrotron radiation shining into the IR. The dipoles B2 and B3 are
followed by a pair of matching quadrupoles QD6 and QF7 that, in conjunction with QD4
and QF5, match the beta functions into the dispersion suppressor.
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Fig. 4-11. Lattice functions for the first 10 m of the IR straight section of the
HER. Elements Bl and QD1 are common to both beams, QDI providing
considerable vertical prefocusing for the high-energy beam. The septum
quadrupole QF2 acts only on the low-energy beam; elements beyond QF2 (BHI,
OD4, QFS, etc.) affect only the high-energy beam. The QD4 is tilted slightly
with respect to the beam axis; this feature, along with the small permanent-
magnet dipole BH1, helps avoid synchrotron radiation striking close to the
detector beam pipe.

The dispersion suppressors in the arcs adjacent to the IP are slightly different from the
others. There is a pair of small dipoles, B4, situated 180° apart in betatron phase (see
Fig. 4-10), that match the angles of the orbits from the IP to the arcs. These pairs of
dipoles on the two sides of the IP are powered antisymmetrically, as is the B1 dipole.
The B4 dipoles make an adjustment to the beam trajectory such that the center of the IP
lies at the point where the center of the straight section of a normal sextant would be.
The angle of the high-energy beam at the IP is not zero with respect to this line, however.
The LER has to match the angle of the low-energy beam to this same angle, 15.4 mrad.
The IR geometry is illustrated in Fig. 4-13.

4.1.1.7 Dispersion Suppressors. The HER dispersion suppressors extend over three
cells. The main part of the suppressor consists of two cells, each with betatron phase
shift close to 90°. However, to obtain a perfect match between the regular cells and the
straight section, it is necessary to slightly change the strength of the QF in a third cell (by
1.3% from its value in the regular cells, making the third cell merely a slight variant of a
regular cell.) As mentioned, the dispersion suppressors surrounding the IR have
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Fig. 4-12. Lattice functions for the first 60 m of the IR straight section of the
HER. The weak dipoles B2 and B3 match the dispersion function to zero.

additional dipoles B4 in them to adjust the position of the IP. Dispersion suppressors in
the emittance control sextants are the same as those for the normal sextants, but they have
their quadrupoles powered differently to produce the dispersion function mismatch in the
arcs. The six variables—five quadrupoles in the first two cells plus the QF in the third
cell—are sufficient to cover the normal range of emittance control required. To extend
the emittance range further, or to radically change the phase shift per cell in the arcs, it
would be necessary to independently power the QD in the third cell as well.

To fulfill the requirement of twelve totally regular 60° cells (for a possible non-
interleaved chromaticity correction scheme), we could tolerate a small beating of the
dispersion function in the arcs surrounding the IR. Such a beating would only be about
5%, and would only slightly increase the minimum achievable emittance.

4.1.2 Low-Energy Ring

The LER is designed to satisfy the design parameters discussed in Chapter 3. Key
features of the LER include

* Head-on collision optics

* Flat beams with 25:1 horizontal-to-vertical aspect ratio and [3; =15cm
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Fig. 4-13. Geometry of the collision sextant, showing how the orbits of the LER
and HER deviate from the orbit of PEP. The orbits at the collision point are
tilted 15.384 mrad with respect to the straight-section axis.

Zero dispersion in both planes at the IP

Bunch separation of 1.26 m

" Beam separation in the IR first horizontally and then vertically

* Wigglers to permit adjustments of emittances and damping times

4.1.2.1 Overall Ring Configuration. The LER has a circumference of 2199.318 m and
is designed to operate at 3.1 GeV. As illustrated schematically in Fig. 4-14, the ring has
the hexagonal shape of PEP, with six long straight sections and six arcs. One of the long
straight sections contains the IR with its low-beta optics; on the opposite side of the ring,
the straight section is configured for injection. Two straight sections contain wigglers;
two others, one containing the RF cavities, are used for tune adjustment. Figure 4-15
shows the layout and lattice functions of the LER. The beam circulates in a counter-
clockwise direction as seen from above the ring. (Note, however, that the optics figures,
such as Fig. 4-15, are arbitrarily drawn in the clockwise direction.)
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Fig. 4-14. Schematic layout of the LER, which will be located above the HER in
the sixfold symmetric PEP tunnel.

The LER is situated 1 m above the HER in the PEP tunnel, except in the IR straight
section, where the two beams collide head-on. There are small radial offsets of the two
rings in the arcs, and in the RF and injection straight sections, and larger offsets in the IR
and wiggler straight sections.

4.1.2.2 Arcs. The LER has six arcs, each built from 16 standard cells in a FODO
structure. Two and a half cells in regions 1 and 3—adjacent to the IR—are used for
dispersion suppression surrounding the IR straight section. In the arcs located in regions
3,5,9, and 11, three and a half cells are used for dispersion suppression surrounding the
tune and RF straight sections. The lengths of both the standard cell and the cell in the
dispersion suppressor are 15.191 m. The length of each long straight section—measured
from the end of the last bending magnet in one arc to the beginning of the first bending
magnet in the next arc—is 130.502 m.

The optics of the LER employs mirror symmetry relative to the center of each long
straight section. Every arc bending magnet has its azimuthal position centered above the
center of the corresponding HER bending magnet. The quadrupoles and sextupoles are
located next to the bending magnets, but they alternate their positions from one side of
the dipole to the other at each long straight section. This alternating arrangement
preserves mirror symmetry about the center of each long straight.

Each FODO half-cell of the LER contains one 0.45-m bending magnet, one 0.43-m
quadrupole and one 0.25-m sextupole. The distance between centers of the bending
magnet and the quadrupole is 0.555 m and the distance between centers of the quadrupole

61



COLLIDER DESIGN

Injection Wiggler Tune  Wiggler
Tune P +RF Injection

FIEE DT e i e ] 11 11O i (| ! s
I‘* Al H:lﬁ:mx.n: Ik e o o b et u flbiemibL AT DR -
! it A i m AL

e o - i

t

160 —

120
E —_—
(<= 80 —_
40 —
——— 2 —_
E
0 - 0
a
— =2
Regions
| I | |
0 500 1000 1500 2000
s (m)

Fig. 4-15. Layout and optics functions for the LER. The lattice for the full ring
is shown, starting and finishing at the injection point in the center of region 8.
The interaction point (IP) is shown at the center of the figure in region 2.
Wiggler magnets are located in regions 6 and 12 and tune control is
accomplished in regions 4 and 10. The RF cavities are located in region 4. The
layout is shown in the clockwise direction, the low-energy beam circulating -
anticlockwise from right to left.

and the sextupole is 0.485 m. This proximity of all LER magnetic elements facilitates
their being combined into modules for common support and alignment. The long drift
spaces between groups of magnetic elements are used to absorb the synchrotron radiation
from the bending magnets and to pump (by means of lumped ion pumps) the
photodesorbed gas (see Section 5.2). The optics for one cell, shown in Fig. 4-16, are
adjusted to give a phase advance of 90° in each transverse plane; hence, four regular cells
constitute an achromat. The reason the cell phase advance is higher in the LER than in
the HER (where it is 60°) is to avoid having too large a value for the momentum
compaction factor . If & gets too large, a very high RF Vvoltage is required to hold the
bunch length to a value compatible with the low value of f,.

62



4.1 Lattice Design

Dx (m)

s (m)

Fig. 4-16. Layout and optics functions for the standard arc cell of the LER.
The dipoles B are offset from the center of the half cells so that synchrotron
radiation from the beam, traveling from right to left, is absorbed in the longer
straight sections between B and QF or B and QD.

4.1.2.3 Dispersion Suppressors. The dispersion suppressor next to the IP straight
section is shown in Fig. 4-17. It is bordered on the left by regular cells and on the right
by the IP straight section. This suppressor has six bending magnets and five quadrupoles,
all but one being placed at the same position as in the regular cell. The last focusing
quadrupole of the dispersion suppressor is shifted towards the arc by 4.9874 m. The
bending magnets used in the dispersion suppressor are the same as those used in the
regular cells, but the magnetic field of the first bend, SB1, is decreased by about 13%
relative to the regular cell dipoles and the magnetic field of the last bend, SB2, is
increased by the same amount. This is done to bring the orbit of the LER (at the IP) onto
the slightly larger radius of the HER. All dispersion suppressor quadrupoles have
individually adjustable gradients. .

The dispersion suppressor next to a tune or RF section is shown in Fig. 4-18. It is
bordered on one side by the regular cells and on the other by the tune section. This
suppressor has seven bending magnets and eight quadrupoles, all placed at the same
positions as those in the regular cells. All bending magnets are the same as those of the
regular cells but all quadrupoles have individual gradients.
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Fig. 4-17. Layout and optics functions for a dispersion suppressor next to the IP
section of the LER.

4.1.2.4 Tune and RF Sections. The tune and RF sections of the LER are designed on
the same principle. Fifteen equally spaced quadrupoles are placed between the end
quadrupoles of the dispersion suppressors. These quadrupoles constitute a FODO type
lattice structure, which is used for adjustment of the global betatron tunes over a wide
range. The RF section also houses the RF cavities. For convenience in locating the LER
and HER cavities, all quadrupoles of the LER in this region are shifted slightly towards
the center of the straight section, the distance between them decreasing by 0.1 m.

Figure 4-18 shows the layout and optics functions for the RF section with its adjacent
dispersion suppressors. The layout for the tune section is essentially identical to that
shown in Fig. 4-18. The plan view of the HER and LER orbits in a tune sextant is shown
in Fig. 4-19.

4.1.2.5 Wiggler Straight Sections. Two of the long straight sections contain wiggler
magnets, which are used to adjust the emittance of the LER and also to permit the
damping time of the LER to be reduced to a value as low as that of the HER, if desired.
Figure 4-20 shows the layout and optics of a wiggler straight section. Four blocks of 4-m
wigglers are placed in each wiggler straight section in a special bypass. The bypass
serves both to deflect the synchrotron radiation away from the main beamline and to
increase the dispersion, and its derivative, in the wigglers (which in turn causes a growth
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Fig. 4-18. Layout and optics functions for an RF or tune straight section of the .

LER, with adjacent dispersion suppressors.

HER orbit

LER orbit

| l
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Fig. 4-19. Plot showing the radial offsets of the LER and HER in a tune
sextant, with respect to the PEP centerline. The maximum excursions are 41 cm

to the inside and 18 cm to the outside of the PEP orbit.
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Fig. 4-20. Layout and optics functions for a wiggler straight section of the LER.

of horizontal emittance). A schematic drawing of the bypass and the main beamline in
the wiggler section is shown in Fig. 4-21.

The optics shown in Fig. 4-20 corresponds to the case where the damping time in the
LER is about the same as that in the HER. Six independent quadrupoles produce a beam
waist at the center of the wiggler where the slope of the dispersion function is also zero.

These quadrupoles permit adjustment of the horizontal beta function to provide good
control over the emittance excitation in the wiggler.

4.1.2.6 Injection Straight Section. The straight section opposite the IR straight section
is used for injection into the LER. It is configured in the same way as that of the HER,

and has a similar value of 8, (170 m) at the injection point. The layout and optics of this
straight section are shown in Fig. 4-22.

4.1.2.7 Interaction Region and Beam Separation. The most difficult part of the design
of a collider is that of the IR, and that is especially true in the case of a high-luminosity
asymmetric machine. The energies and beta functions of the two rings are different, the
bunches are closely spaced, and the synchrotron radiation from the magnetic separation is
large. Optics, separation, masking, and experimental detectors must all coexist in a very
small region, so that neat, modular designs are elusive or nonexistent.
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Fig. 4-21. Diagram showing the horizontal offset of the low-energy beam in the
wiggler sextants. The low-energy beam travels anticlockwise from right to left in
this figure. The bypass causes the radiation fan from the wiggler to be directed
outward where it can be absorbed in a dump. The four equally powered dipoles
BD+ and BD- create the bump and thereby the dispersion function necessary for
increasing the emittance of the beam. The wigglers are wide-aperture devices,
with a horizontal gap considerably wider than the pole width to accommodate
the fan of synchrotron radiation produced by the strong magnetic field.

As discussed earlier, the scheme adopted for this design is horizontal separation using
a separating dipole, B1. The separating dipole is followed by a horizontally defocusing
quadrupole, QD1, centered on the high-energy beam, that enhances the beam separation.
(These first two optical elements, B1 and QD1, are constructed with permanent-magnet
technology because they are immersed in the solenoidal field of the detector.) The other
main function of the optics near the IP is to focus both beams as quickly as possible in
order to avoid excessively large beta functions and excessively high chromaticity. With
the beam separation available in our design, the next focusing element can be a
horizontally focusing septum quadrupole acting on the low-energy beam alone. (This
element completes the focusing of the low-energy beam as it leaves the IP region.) The
high-energy beam is thereafter in an independent beamline where it is focused by a
quadrupole doublet, as described in Section 4.1.1.
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Fig. 4-22. Layout and optics functions for the injection straight section of the
LER. The injection point is at the center of the figure, between the horizontally
defocusing quadrupoles. The injection straight sections of the LER and HER are
similar.

Figure 4-23 shows an anamorphic diagram of the IR in plan view. The horizontal
bending pattern is antisymmetric about the IP, which produces an S-bend layout; this
geometry is conducive to extracting the synchrotron radiation, as discussed in
Section 4.2.2. The separated beams then traverse the septum quadrupole QF2, which
focuses the low-energy beam only. Figure 4-24 shows the displacements of the low-
energy beam from the IP through the horizontal and vertical separation systems. The
low-energy beam is transported from the collision plane to a plane 1 m above it by the
action of the three vertical bending magnets BV1, BV2, and BV3.

The optical functions of the LER in the horizontal separation region are shown in
Fig. 4-25. The low-energy beam proceeds from a waist at the IP with 8 = 37.5 cm,
By = 1.5 cm. The first parasitic bunch crossing point occurs 0.63 m from the IP, where
the incoming and outgoing beams are just inside of B1 and the beam orbits are separated
by 11.80;. The dipole and quadrupole apertures allow for 150, and 150, beams (the fully
coupled vertical emittance being used to calculate the vertical beam size), plus at least
8 mm for the beam pipe and trim coils, a 2 mm closed-orbit-distortion allowance, and the
additional aperture required to clear the synchrotron radiation fans. These factors set the
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Fig. 4-23. Anamorphic plan view of the IR. Beam trajectories are indicated by
thick solid lines, and the 150, beam-stay-clear envelopes are shown as dashed
lines. The horizontal separation is produced by B1 and QD1 with the offsets
shown. Quadrupole polarities are indicated, as usual, by the names QF
(horizontally focusing) or QD (horizontally defocusing); the labels (H) or (L)
denote that the magnet is centered on the high- or low-energy beam orbit.

inner radii for B1 and QD1; the outer radii are controlled by the need to maximize the
detector solid angle. The magnet dimensions, and an assumed remanent field of 1.05 T,
give the gradient of QD1. The length of QD1 and the gradient of QF2 are then adjusted
to achieve the desired optical behavior for the low-energy beam, as shown in Fig. 4-25. It
should be noted that QF2 is tilted slightly (and also offset) with respect to the axis of the
low-energy beam, in order to maximize the area available for the current sheet septum of
the magnet. After a number of iterations, the outcome was a conservative and robust
design. It is worth reiterating here that the high-energy beam benefits significantly from
the focusing of QD1. Although the primary focusing of the high-energy beam does not
take place until farther from the IP in QD4, the B, value in this quadrupole is held
sufficiently low by QD1 that the resultant chromaticity contribution to the HER from the
combination of QD1 and QD4 is only 2% higher than that of the corresponding
quadrupole at PEP (which was operating at a higher " of 4 cm).
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Fig. 4-24. Plot showing the horizontal and vertical displacements of the low-
energy beam in the separator system. The dipoles BV1, BV2, and BV3 control
the vertical step that brings the LER above the plane of the HER.

With the IP region defined, there remain many design requirements for the rest of the
IR straight section:

* There must be a vertical separation region where the LER orbit is raised 1 m above
the HER orbit before the rings enter the arc region

» The horizontal separation must be reversed so that the LER optical elements can be
placed directly above the HER elements in the arcs

+ All lattice functions, including the horizontal and vertical dispersion functions and
their derivatives, must be properly matched

* Conditions for local chromaticity correction must be fulfilled

By the term local chromaticity correction, we mean that the chromaticity due to the
LER quadrupoles QD1 and QF2 is corrected directly in the IP straight section. For this
purpose a special scheme of chromaticity correction was implemented; its main principles
are demonstrated in Fig. 4-26. Two pairs of sextupole lenses on each side of the IP are
used for correction of the chromatic aberrations due to the two QD1 and the two QF2
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Fig. 4-25. Layout and optics functions for the horizontal separation region of
the LER. The dipole B1 and the offset quadrupole QDI separate the beams.
The horizontally focusing quadrupole QF2 is a septum magnet; the high-energy
beam passes through a field-free region in the magnet (see Fig. 5-24).
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Fig. 4-26. Local chromaticity correction scheme of the LER.
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quadrupoles. The sextupole pair SX1-SX2 corrects for the horizontal aberrations; the
pair SY1-SY?2 simultaneously corrects for the vertical aberrations.

Figure 4-26 shows the main elements of the local chromaticity correction scheme; for
clarity, only half of the IR is shown. (The two halves of the IR have symmetry about the
IP, focusing and vertical bending being symmetric and horizontal bending being
antisymmetric.) The first sextupole of the horizontally correcting pair, SX1-SX2, is close
to QF2. The first sextupole of the vertically correcting pair, SY1-SY2 is placed at a
position 27 in vertical phase advance from QDI1. Sextupole SX2 (SY?2) is situated such
that the horizontal (vertical) betatron phase advance is 7 from SX1 (SY1). The transfer
matrix between each pair of sextupoles is exactly —/, which ensures cancellation of the
sextupole-like geometrical aberrations of the individual sextupoles. To maximally
decouple the functions of the sextupoles in the horizontal and vertical planes, a high
vertical and a low horizontal beta function are created at the locations of SY1 and SY2
and vice versa at the locations of SX1 and SX2. Bending magnets are used to enhance
the dispersion function at the sextupoles, the value of D being equal at each sextupole of
a pair.

The realization of the local chromaticity correction scheme in the IR straight section
is shown in Fig. 4-27. The large horizontal beta function at the exit of QF2 is extended a
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Fig. 4-27. Layout and optics functions of the right half of the IR straight section
of the LER. The IP is at the left.
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further 3.5 m to allow f3, to decrease to a low value and to allow the dispersion function
(generated by B1 and the offset QD1) to increase further; the sextupole SX1 is placed at
this position. The next section of the lattice generates the —/ transformation between SX1
and SX2. A consequence of the —I transformation is that ; and B, have the same values
at both SX1 and SX2. The positive value of dispersion at SX2—the same as at SX1—is
preserved by the two B3 magnets. The function of the optics between SX2 and SY1 is to
interchange f, and f3; (that is, to obtain a small f; and a large ;) to facilitate correction
of the vertical chromaticity, and to simultaneously adjust the betatron phase advances in
both planes to their correct values. A second -/ transformation after SY1 brings f3,to a
maximum and S, to a minimum at SY2. Equal dispersion at SY1 and SY?2 is preserved
by the two B5 magnets. The remaining part of the optics in this section serves for
matching the two beta functions and the two dispersion functions to the values needed for
the dispersion suppressor.

Figure 4-28 shows the vertical dispersion function. Vertical dispersion is generated
by the first magnet of the vertical step (BV1) and is not fully removed until the third
vertical bending magnet BV3. By proper positioning of BV1, the vertical dispersion is
made small at SX2, SY1 and SY2. The main cancellation of the vertical dispersion
function is done by BV2, which is positioned almost 27 away from BV1 in vertical phase

SX1 SX2 Sy1 Sy2
moo0 lﬂ alals ﬂir ﬁﬂi [ Al l =R
R M U UU$U] v U’ L_IU'U = J‘_[U'U ft T‘UL_J
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Fig. 4-28. Vertical dispersion function of the right half of the IR straight
section.
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advance. Vertical bending magnet BV3 acts as a small trim to BV2 to complete both the
vertical bending and the cancellation of the vertical dispersion function.

4.1.2.8 Ring Closure. There are two absolute requirements on the rings:

* Their path lengths must be the same and must be equal to the nominal
circumference of 2199.318 m

* Their interaction points must coincide

Another important requirement is that the two rings bear a consistent physical
relationship to each other to facilitate the construction of support structures and to make
alignment reasonably straightforward.

The IR straight sections in both rings, and the wiggler straight sections in the LER, all
have bending elements that make the path length greater than the straight-line distance
across them. We choose to make the straight-line distance across all straight sections the
same in both rings. To achieve this, and to maintain the correct overall path length in
both machines, the path lengths in the arcs must be reduced by a small amount, that is,
the cell radius in the arcs must be shortened. Because of the antisymmetry of some of the
bending in the dispersion suppressors adjacent to the collision straight of the HER,
special adjustments must be made in these locations. To align the center of the bends at
equal angles with respect to the arc center, small length adjustments are made between
each dipole; the IP then falls at the geometric center of the IR straight section. As the
dispersion suppressors on each side of the collision straight have individual power
supplies, the asymmetry presents no matching problems. The above procedure has been
carried out for the HER. The overall path length adjustment was 3.7 mm, which
translates into a 19.3-um change in the length of each half-cell.

The LER requires much more adjustment than the HER, due mainly to the path-
length differences in the wiggler straight sections. The overall LER path length
adjustment is 0.845 m and the change per half-cell is 4.53 mm. As there is no mixture of
symmetrical and antisymmetrical bending in the LER, the correction that was applied to
the HER is not necessary. However, in the LER the mixture of vertical and horizontal
bending does require special attention. In the region of mixed horizontal and vertical
bending, the local coordinate system has to be rolled slightly (a maximum of 1.5 mrad).
When this is done, closure is achieved and the IP lies at the geometrical center of the
straight section.

Because the LER bending cells have been shortened much more than those in the
HER, the LER lies inside the HER by about 14.7 cm. To bring the IP of the LER
outwards to coincide with that of the HER, special bends SB1 and SB2 are powered
separately from the main string of bending magnets.

4.1.3 Tracking Studies

4.1.3.1 Description of Methods. There are many reasons to require a large dynamic
aperture, the main ones being the need for efficient injection and the need for long
lifetime under colliding-beam conditions. Evaluating the requirements for these two
conditions takes similar, but slightly different, information.
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Injection takes place in the vertical plane for both PEP-II rings, so the injection point
is vertically displaced relative to the closed orbit. To evaluate the injection aperture we
launch particles at the injection location and determine the aperture in terms of transverse
position coordinates measured from the closed orbit. For injection we wish to have an
aperture that includes the injection point and several rms beam sizes (typically six or
more) around the injection point for particles that are within 106 of the nominal
injection energy. For the tracking results evaluated here, we take the horizontal rms beam
size O, from the natural (uncoupled) horizontal emittance of the ring; the vertical beam
size oy is taken from the fully-coupled emittance, that is, half the uncoupled horizontal
emittance.

To evaluate the aperture for colliding-beam conditions, the one-turn map for the
lattice is factored into a normal form, from which the transformations to approximate
invariant tori are extracted. Each launch position then corresponds to an invariant action,
and the aperture can be represented as an area in transverse action space or amplitude
space (amplitude being defined as the square root of twice the action). For colliding-
beam conditions, the dynamic aperture should be about 100 in both transverse planes.
(Note that the nominal vertical emittances of both HER and LER lattices are only 4% of
the horizontal emittance, so the injection aperture of 100, fully-coupled corresponds to
roughly 360, of the actual beam.)

Tools. The linear lattices were designed using the well-known MAD program [Iselin,
1991]. Various errors (see Section 4.1.3.2) are then introduced and the “imperfect”
lattice is regenerated by the code TRACY [Bengtsson, 1992]. TRACY makes use of
multistep symplectic integrators and uses an isomagnetic Hamiltonian model for dipoles,
truncated at second-order in the transverse variables. The code incorporates routines to
correct the orbit and retune the linear lattice and provides a Pascal interpreter for
implementing lattice correction algorithms. The corrected lattice output from TRACY
serves as input for DESPOT [Forest et al., 1992], a combination tracking and mapping
code where the Hamiltonian for tracking and mapping are guaranteed to be identical.

Powerful nonlinear analysis tools are now available for storage ring design. These
serve three important purposes: (i) a cross-check of lattices generated for dynamic
aperture studies, to verify that they have the expected linear and nonlinear properties;
(ii) the improvement of the design of lattice sections, such as the IR region, so that the
magnitudes of higher-order terms are minimized; and (iii) the determination of the source
of all terms in the one-turn map, to facilitate decisions regarding modifications of the
lattice arrangement and specifications of tolerances. We have used a number of these
packages.

Berz [1989] has introduced a set of truncated power series manipulation tools
(referred to as “differential algebra” tools). Many others have now implemented this
technique in various computer languages. Algebraic capabilities include addition,
multiplication, taking inverses, general functions, and concatenation. Lattice maps may
be created to arbitrary order, constrained only by computer capability and the user’s
ability to extract useful information. These tools can be used for general fitting by
introducing additional variables when creating the one-turn map.

We have also used a set of Lie algebra tools that are gathered in a package called
LIELIB [Forest, 1993], which employs a full range of analytic techniques to evaluate
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maps created by the differential algebra codes. These techniques include exponentiation
(Dragt-Finn or single-exponent), transformation to a resonance basis, and normal-form
analysis. (The result of exponentiating a map is the product of a linear map and a higher-
order map defined by a Hamiltonian generator; this form is preferable for interpreting the
map, as each monomial in the Hamiltonian corresponds to a distinct aberration.
Expressed in a resonance basis, the coefficients can be interpreted as resonance
strengths.) Walker [1993] has implemented the method of using the CBH (Campbell-
Baker-Hausdorff) theorem in an interactive Mathematica program named LAMA to
identify the source of terms in the one-turn Hamiltonian mentioned above.

The various codes are used in a complementary manner: DESPOT, with its
capabilities to digest complicated lattices, is used to create maps of lattice sections,
LIELIB is used to exponentiate them, and LAMA is used to take the resultant
Hamiltonian generators and combine them with CBH analysis so that they can be scaled,
transformed, and analyzed.

Multiturn trajectory analysis tools are also used to identify the harmonic content of
particle motion near the edge of the dynamic aperture. In particular, we have used
HARMON [Donald, 1982] for harmonic analysis, and BIGT [Warnock, 1992] for
construction of toroidal invariants and Fourier-series maps.

It is not yet possible to track at the edge of the dynamic aperture directly with maps,
due to problems associated with the symplectic condition. Ideally, one would modify the
one-turn Hamiltonian, extract certain terms or combinations of terms, and see what
impact they have on the dynamic aperture. Though the complete Hamiltonian cannot be
symplectically tracked, monomial terms can be integrated. By introducing “monomial”
elements into the lattice, specific terms in the map can be removed in such a way as to
leave the remaining Hamiltonian unchanged. The consequences of these modifications
can then be followed by tracking with these monomial elements in the ring. An example
of such an approach would be to remove all amplitude-dependent tune shift terms, as it is
well known that the magnitude of the amplitude-dependent tune shift is very important
for dynamic aperture considerations. These terms will be of equal importance for beam-
beam effects, especially tail motion (and thus beam lifetime). It may, therefore, be
important that both the HER and LER have the capability to adjust the three linear
amplitude-dependent tune shift coefficients.

Error Groups. Errors in the lattices are introduced in three groups:
* Misalignments, dipole and quadrupole roll errors, and dipole strength errors
* Magnetic multipole errors

* Multipoles plus quadrupole and sextupole strength errors

A description of the magnitudes of these errors and how they were derived is given in
Section 4.1.3.2. Introduction of the first error group requires orbit correction, and
possibly dispersion and coupling correction. The second group requires chromaticity,
and perhaps df3/dd correction. The third group requires tune correction, and possibly beta
function correction as well.
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4.1.3.2 Magnet Errors. We collect in this section information on the magnitudes of all
errors that were assumed in the dynamic aperture studies described in Section 4.1.3.4.
The correction strategies used to compensate these errors are described in Section 4.1.3.3.
Errors are categorized in this report in four groups:

* Field strength errors
» Roll errors
* Misalignment errors

* Multipole errors

Field Strength Errors. The rms strength errors used in all dynamic aperture studies
for both HER and LER are summarized in Table 4-2. These are assumed to arise from
nonuniformities in construction, such as variations in magnet length and gap. Because the
absolute strengths of dipoles, quadrupoles, and sextupoles are set in the tracking code to
yield a proper orbit, tune, and chromaticity, respectively, we exclude systematic strength
erTors.

Roll Errors. The rms roll errors for both HER and LER are summarized in Table 4-3.

Within the detector barrel, both quadrupole and dipole elements in the string B1-Q1- Ql -
B1 dre taken to have a correlated roll error.

Table 4-2. Field strength errors used in

tracking.
Error Amount
AB/B (dipoles) 0.001
AK/K (quadrupoles) 0.001
AS/S (sextupoles) 0.002

Table 4-3. Magnet roll errors used in tracking.

Error Amount
(urad)
Dipoles 300
Quadrupoles 500
Sextupoles 500
Detector barrel (B1 and Q1) 300
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Misalignment Errors. The arcs consist of a sequence of modules containing a
quadrupole, a sextupole, and a BPM, separated by dipoles and drifts. Because alignment
between modules is likely to be less accurate (and less important) than alignment within a
module, in Table 4-4 we have specified both intramodule and module-to-module
misalignments. Dipole misalignments are also included, to allow for the feed-down that
results from multipole errors. Errors for the elements in the straight sections are taken to
be the same as module-to-module errors, as summarized in Table 4-5.

Because the spacing between wiggler sections (13 cm) is much greater than their
magnetic gap (4.5 cm), wigglers in the LER are treated (and will be built) as a series of
alternating dipoles. Thus, the dipole errors in Tables 4-2, 4-3, and 4-4 are used for this
element.

It is possible that the alignment of those beamline elements within the detector will be
difficult, so we have a separate specification for Q1 and Bl misalignments (both
horizontal and vertical) of 200 um.

Table 4-4. Arc misalignment errors used in
tracking. All errors apply to both the

horizontal and vertical planes.
Error Amount
({m)

Dipole, rms 1,000
Quadrupole, rms 100
Sextupole, rms 100
BPM, rms 02
Module-to-module 150

2The BPM center defines the module location.

Table 4-5. Straight section misalignment errors
used in tracking. All errors apply to both the

horizontal and vertical planes.
Error Amount
(4m)
Quadrupole, rms 150
Sextupole, rms 150
BPM, rms 150
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Multipole Errors. For tracking purposes, we specify both systematic and random
errors. For the HER, many of the magnets will be recycled PEP magnets, so the
multipole values mainly come from actual magnetic measurements or POISSON
calculations. For the LER, we make estimates based upon POISSON calculations, along
with assembly simulations, for magnets not yet built.

Dipole field errors (up to sextupole terms) for the HER are based on measurements of
PEP magnets; harmonics beyond sextupole are based on modeling the magnets with
POISSON. The PEP dipoles were measured at a current of 1250 A, nearly double the
PEP-II requirement of 640 A. The bending magnet multipole components are
summarized in Table 4-6 in the following manner: n gives half the number of poles of the
multipole and b, corresponds to the magnitude of the magnetic field for the nth
component at a reference radius r. Errors are described by giving the magnetic field of
the nth harmonic divided by the strength of the magnetic field due to the fundamental
(dipole) component, b,/b;, at the reference radius. For the HER dipoles, the reference
radius is taken to be r = 3 cm, the radius at which the measurements were made.

The multipole values used for the LER dipoles are estimates based in part on
POISSON calculations for an H-style magnet geometry. Due to its symmetry, an H
magnet has no allowed quadrupole component. Field errors b,/bj are given in Table 4-7
at a radius of 3 cm. As noted, these are also the tolerances assumed for the wiggler,
which is a series of short dipoles.

Table 4-6. HER bending magnet field errors atr = 3 cm.

Systematic Random
n (bn/b1) (bn/by)
2 -39x10-3 4.1x10-5
3 1.0x 105 3.2x10°5
4 - 3.2x10°5
5 - 6.4x10-5
6 - - 8.2x10-5

Table 4-7. LER bending magnet field errors atr = 3 cm.

Systematic Random

n (bn/bl) (bn/bl)
3 1.0x 104 1.0x 104
- 1.0x 104
7,9 - 1.0x10-5
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In PEP there were three types of regular quadrupoles, with different lengths. For the
HER, we use errors based on measurements of a 10% sample of the 740-mm quadrupoles
made at a current of 200 A (somewhat higher than the 145 A typical for the HER arc
quadrupoles). From POISSON, we do not expect the quadrupoles to saturate at currents
below 200 A. In Table 4-8, the magnetic field due to the nth harmonic divided by the
strength of the magnetic field due to the fundamental (quadrupole) component, b,/b,, is
specified at a radius of r = 4.49 cm (the radius at which the measurements were taken).

For the majority of the LER quadrupoles, we use an estimate based on the assumption
that the machining error of the surface is about 25 um. For a quadrupole with a 5-cm
bore radius, the magnetic field contribution from the nth multipole (b,) relative to the
magnetic field from the quadrupole (b;) at the pole-tip radius is 5 x 104. In Table 4-9 we

Table 4-8. HER quadrupole field errors at r = 4.49 cm.
Values based on PEP measurements.

Systematic Random
n (bn/by) (bn/b2)
3a 1.0x 10-3 3.2x 104
4a 5.6x104 4.5x 104
52 - 4.8x10+4 1.9x 104
6 2.4x1073 1.7x 104
10 -3.1x10-3 1.8x 104
14 . -2.6x 1073 7.0x 105

8Unallowed components are randomly skewed.

Table 4-9. Comparison of LER quadrupole fabrication error estimate
with measured values from PEP quadrupoles atr = 5 cm.

Random (PEP) Random (Estimate)
n (bn/B2) (bn/b2)
3 3.2x 104 4.5x 104
4 45x 104 : 4.1x10+4
5 1.9x 104 3.6x 104
6 1.7x 104 3.3x104
10 1.8x 104 22x104

14 7.0x 10-5 1.4x 104
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compare this estimate with the PEP measurements. For the allowed systematic
multipoles we assume a relative field error twice that of the random errors. This is
consistent with the measurements of the PEP quadrupoles. The LER quadrupole errors
used in the tracking are summarized in Table 4-10; values of b,/b, are at the pole-tip
radius of 5 cm.

Since the HER and LER sextupoles are of identical design, we use the same errors for
both. Because the multipole errors for the sextupoles are based on a measurement of a
single prototype PEP magnet, it is difficult to assign rms values in this case. The values
of b,/b; in Table 4-11 are specified at a radius of r = 5.652 cm, the radius at which the
measurements were taken.

The multipole content of Q1 (Table 4-12) is based on assembly simulations. The first
allowed multipole is the n = 18 harmonic; random errors are included up to the 15-pole.
The reference radius is 8.7 cm, the inner radius of Q1. Since the LER beam is not
centered in Q1, feed-down must be computed for it.

The intrinsic multipole content of the B1 magnet is also based on simulations of
assembly errors for Q1, as both are permanent magnets and their random assembly errors
should be comparable. B1 is made up of 8 permanent magnet segments, so n = 9 is the
first allowed multipole. The magnetic field due to the nth harmonic is specified in Table
4-13at r=49cm.

Table 4-10. LER quadrupole field errors evaluated at

r=5cm.
Systematic Random
n (b/b2) (bn/b2)
3a_52 — 50x10+4
6, 10, 14 1.0x10-3 5.0x 104

aUnallowed components are randomly skewed.

Table 4-11. HER and LER sextupole field errors (taken
Jrom PEP measurements at r = 5.652 cm).

Systematic Random
n (bn/b3) (bn/b3)
S5a — 2.2x10°3
72 — 1.1x10-3
9 ~-1.5x 102 —
15 -13x102 ° —

aUnallowed components are randomly skewed.
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Table 4-12. QI multipole field errors at r =87 cm, based
on fabrication tolerances.

Systematic Random
n (bn/b2) (bn/b2)
32152 — 2.0x 104
18 -8.0x 102 —

aUnallowed components randomly skewed.

Table 4-13. BI multipole field errors at r = 4.9 cm, based
on fabrication tolerances.

Systematic Random
n (bn/bl) (bn/bl)
2-8 — 2.0x 104
9 248 x 102 20x 104
10-15 | — 2.0x 104

For the Q2 septum quadrupole, there are POISSON estimates for the magnitude of the
intrinsic multipoles (neglecting end effects); these are summarized in Table 4-14. The
values for the random column in Table 4-14 are difficult to achieve but such values are
measurable and, in principle, correctable. (Indeed, such values have been achieved in
existing magnets—the values for the PEP IR quadrupoles are lower than 1 x 10-4.) The
reference radius, 4.23 cm, is the inner radius of Q2. Because Q2 is a septum quadrupole,
all harmonics are allowed by symmetry. Systematic multipoles are normally oriented;
random components are randomly skewed..

The HER septum quadrupoles Q4 and Q5 require careful engineering and
construction to achieve multipoles that are corrected to the level that they can be
measured. For both magnets, we specify a multipole content of b,/by <1 x 104 forn =
3-15 (at a reference radius of 5.0 cm for Q4 and 8.0 cm for Q5).

4.1.3.3 Correction Strategies. Magnet errors as specified in the previous section often
lead to unacceptable errors in the closed-orbit location and linear lattice parameters. This
section describes the methods used to correct such errors. In the tracking results reported
in Section 4.1.3.4, these methods are not always used, but their effects on the dynamic
aperture have been studied for several cases described there. Although some of the
correction techniques described in this section are not explicitly included in the
description of PEP-II contained in this report, all could be implemented if necessary. We
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Table 4-14. LER Q2 multipole field errors atr = 4.23 cm,

based on POISSON calculations.
Systematic Random

n (ba/b2) (ba/b2)
3 -1.11x 104 1.0x 104
4 1.82x 104 1.0x 104
5 6.30x 10-5 1.0x 104
6 -5.00x 105 1.0x 104
7-15 — 1.0x104

would consider the implementation of some of these techniques if it were unambiguously
shown that they are necessary. In all cases, such additions would be minor.

Chromaticity. The chromaticity is corrected by slight adjustments of the arc
sextupole strengths. In the LER, the chromaticity of the quadrupole doublet on each side
of the IP is corrected with special nearby sextupole pairs that are not readjusted to
account for magnet errors. For the HER, the sextupoles in each correction sextant are
grouped into pairs, members of a pair being 180° apart in betatron phase. Final
adjustment is then made to the six pairs of sextupoles of each type—horizontally focusing
and vertically focusing—on each side of the IP. In this adjustment, special care is given
to the momentum dependence of the beta functions at the IP and at the injection point.

Energy-Dependent Beta Functions. The dfj/dé term is corrected by using additional
sextupole families. In each arc of the LER we assume two SF and two SD families
(corresponding to the two phases of the 90° FODO cell lattice.) If the sum of the
strengths of these families is held constant, the chromaticity correction is unchanged.
This yields six knobs in each plane, one from each arc—enough to correct dff/d$ at three
locations (which we choose to be the center of the RF straight section, the injection
straight section, and the IP). The IR sextupoles provide an additional knob in each plane
for df/do adjustment. The HER 60° lattice has three distinct phases in each plane,
providing sufficient knobs for dff/dé correction in this lattice. For the work reported here,
dpldd s corrected only if the beta function changes by more than 15% for a 0.3% change
in 6 (that is, d(Inff)/dd must be larger than 50), and it is corrected only to this level of
accuracy in the simulations.

Tune. The LER and HER both have special sections (shared with the RF straight.
sections) for tune control. These sections are retuned to restore the tunes to their nominal
values prior to tracking with errors.

Beta Functions. Correction of the beta functions is accomplished by analyzing their
behavior around the ring. For each arc, the incoming and outgoing AfB/f is analyzed for
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amplitude and phase. If the QD and QF quadrupoles are on two strings, they may be
tuned such that the incoming and outgoing magnitude and phase of Af/f are identical (to
within measurement limits, taken to be AB/B = 0.15). After this is done, quadrupole
families at the entrance and exit of each straight section are adjusted in unison such that
the amplitude and phase of Af/f agree in the adjoining arcs. Finally, the quadrupole
families at the entrance and exit of each straight section are adjusted in opposition to
obtain a symmetric Af/p at the center of the straight, and a slope adjusted to be zero.

Dispersion. After the closed orbit is corrected, the dispersion is corrected by minor
changes in vertical steering (to minimize the vertical dispersion function) or by minor
changes in horizontal steering (to minimize the variation of the horizontal dispersion
from its design value).

Horizontal-Vertical Coupling. The HER and LER each contain skew quadrupoles in
the RF straight sections to control global coupling. No provision for local coupling
control has been made in the present lattices.

4.1.3.4 Dynamic Aperture Studies. Here we present dynamic apertures for each of our
design lattices (corresponding to a specific choice of IP beta functions). To the ideal
lattices are added various errors. We also briefly examine the effects of including such
items as dipole and quadrupole edge effects, kinematic correction terms in the tracking,
hard- and soft-edge solenoid fields (with compensation), the IR injection bump, quantum
excitation and damping terms, and the effects of parasitic beam-beam collisions. The
results are presented for the design energy, which we call “on-energy” and for 100 from
the design energy, which we call “off-energy.”

Each lattice—with or without various errors, with or without various correction
strategies, and with or without various additional effects—is tracked for 1,024 turns at
several amplitudes. These amplitudes are chosen in two distinct ways: (i) all points on a
rather large grid extending from -20 to +200, and from 0-200;, or (ii) points along
various rays emanating from the origin in amplitude space. These rays may be along the
horizontal or vertical axis, the diagonal, or some direction in between. Though it is
computer intensive, option (i) is preferable as sometimes there exist certain regions of
instability in the tracking space that are not identified by method (ii). Also, in method (i)
we have identified the horizontal and vertical tunes for all particles that survive the 1,024
turns. This has often enabled us to identify the aperture boundary as corresponding to the
location of a particular resonance line. All off-energy tracking includes synchrotron
motion. '

When quantum excitation and damping are included, we track for 4,096 turns (one
transverse damping time). We wish to ensure that our 1,024-turn dynamic aperture
without damping is approximately the same as the 4,096-turn aperture with damping.

A launch point is considered stable—that is, inside the dynamic aperture—if it is not
lost within the chosen number of turns. A “scraper” aperture is located at a distance
several times larger than the physical aperture, typically at about 20 cm. (The reason for
this large scraper aperture is that the dynamically stable aperture for machines without
errors can be larger than the physical aperture, and we wish to allow for this possibility.
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On the other hand, particles that have become unstable, quickly reach very large
amplitudes, so the definition of stability does not depend strongly on scraper position.)

HER Tracking. Figure 4-29 shows a plot of the injection coordinate space for the
HER bare lattice (that is, the results are plotted based on betatron amplitudes measured at
the injection point rather than at the IP). Each numerical entry in the diagrams gives the
fractional horizontal tune at that launch point for particles that have survived for 1,024
turns on-energy (Fig. 4-29a) or off-energy (100f deviation, see Fig. 4-29b). Figure 4-30
shows similar results for the off-energy case when radiation damping and quantum
excitation are included. In this case, particles were tracked for 4,096 turns, or roughly
one transverse damping time. Comparison of Figs. 4-29b and 4-30 demonstrates clearly
that the tracking results do not depend on the effects of the radiation damping, in the
sense that the dynamic apertures are nearly identical in the two cases.

In Fig. 4-31, we plot the HER tracking results of Fig. 4-29a projected into tune space.
Each stable amplitude in Fig. 4-29a is plotted as a point in the tune plane, and locations of
low-order betatron and synchrobetatron resonance lines are indicated. To examine the
influence of the parasitic beam-beam collisions on the tracking, we show in Fig. 4-32 a
tune diagram that includes the effect of the first parasitic crossings (those nearest the IP).
We find a distortion in the tune footprint, for particles with large horizontal amplitude,
associated with the amplitude-dependent tune shift from the parasitic crossings. This
effect is discussed in more detail in Section 4.4 in the context of the beam-beam
simulations.

As can be seen in Fig. 4-33 for the on-energy HER bare lattice, the influence of the
nonlinear effects of the parasitic beam-beam collisions is negligible, that is, tracking with
the parasitic crossings included gives only a small reduction in dynamic aperture
compared with the bare lattice. Also shown in Fig. 4-33 is the off-energy dynamic
aperture of the HER including the effects of the fringing fields of the dipoles in the
tracking. Here too, we see that this effect has a negligible impact on the dynamic
aperture. We see that the on-energy dynamic aperture at the injection point is quite large.
There is a noticeable reduction in aperture for the off-energy case, though the available
aperture considerably exceeds our injection requirements. Because the effects of dipole
fringe fields (which are not normally considered in the tracking runs) are very minor, they
were ignored in subsequent tracking of the HER.

The effects of including the various error groups are illustrated for the HER (both on-
and off-energy) in Fig. 4-34. We see that each of the error groups applied separately
(misalignments and roll errors, multipole errors, quadrupole and sextupole strength errors
combined with multipole errors) gives qualitatively the same reduction in dynamic
aperture. The degradation compared with the bare lattice is small in every case. In
Fig. 4-35 we show the results of combining all the lattice errors (for three random seeds).
In all cases, the resulting dynamic aperture is quite adequate for injection, exceeding our
goal of 100y, (fully coupled). The results in Fig. 4-35 correspond to a lattice having a
sufficiently well-corrected orbit that no compensation for beta function mismatch, x-y
coupling, or residual dispersion is required to obtain a large dynamic aperture.

LER Tracking. The dynamic aperture for the LER bare lattice, plotted at the injection
point, is shown in Fig. 4-36. Both on-energy and off-energy (100 deviation) particles
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Fig. 4-29. Dynamic aperture of the HER bare lattice for on-energy (a) and off-
energy cases. The amplitudes are plotted at the injection point, corresponding to
Bx =20 m and By = 215 m. The points denote particles launched at that
amplitude that survived for 1,024 turns.

86



4.1 Lattice Design

10 I | I

y (cm)

-----------------------------

2 - . M I I I ID A I IR IR IS M S I I I IMIR I IR I I I I

- Fig. 4-30. Off-energy dynamic aperture at the injection point for the HER bare
lattice, including the effects of radiation damping and quantum excitation. The
points denote particles launched at that amplitude that survived for 4,096 turns.

were tracked for 1,024 turns and the fractional horizontal tune values of surviving
particles are indicated. The off-energy results (Fig. 4-36b) are projected into the tune
plane in Fig. 4.-37. We see a tune footprint that is very similar to that of the HER (cf.
Fig. 4-31).

Dynamic aperture results for the off-energy LER lattice, including the effects of
parasitic beam-beam collisions and fringe fields, are presented in Fig. 4-38. As for the
HER (Fig. 4-33), we find no significant effects from the inclusion of dipole fringe fields
in the tracking. The influence of the parasitic beam-beam collisions for the LER is more
visible than was the case for the HER, but it is not of consequence.

Figure 4-39 shows the results of LER tracking, both on- and off-energy, with all
errors for three random seeds. These results demonstrate that with a well-corrected orbit
there is adequate dynamic aperture for injection, even for particles with an energy
deviation of 100g. Present tracking results indicate that the vertical dynamic aperture is
sensitive to systematic errors in the Q1 quadrupoles (closest to the IP). This is due to the
off-axis beam orbit in these magnets, which gives rise to significant feed-down terms
from the higher multipoles. Thus, it will be important to construct the Q1 magnets to
limit the systematic multipole contributions to the levels specified in Table 4-12. In
Fig. 4-40 we replot the data from Fig. 4-39 in terms of invariant amplitudes (corrected by
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 Fig. 4-31. HER on-energy tracking results from Fig. 4-29a projected into tune
space. Low-order betatron (solid) and synchrobetatron (dashed and dotted)
resonance lines are indicated.
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Fig. 4-32. Projection into tune space of HER on-energy tracking results
including the effects of the parasitic beam-beam collisions. The tune footprint
Jor large-amplitude particles is distorted compared with that in Fig. 4-31 due to

the amplitude-dependent tune shift from the parasitic crossings.
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Fig. 4-33. HER bare lattice dynamic aperture at the injection point showing the
effects of the parasitic crossings for the on-energy case and the effects of
including dipole fringing fields for the off-energy case. Tracking was done for
1,024 turns.

a fourth-order, normal-form analysis). In this presentation, distortions associated with the
nonlinearities (changes in beta functions, for example) are eliminated and the dynamical
behavior of the various errors sets can be compared on an equal footing.

Tracking Summary. To summarize our present results, we find that the HER and
LER lattices considered here have adequate dynamic aperture (greater than 100 with a
100E energy deviation) for both injection and stored-beam lifetime. Further work to
optimize the chromatic behavior of the rings is now under way.

4.1.3.5 Influence of the Detector Solenoid on the Orbit. The constraints of an
asymmetric high-luminosity B factory—unequal beam energies and small bunch
spacing—imply that both beams cannot be aligned along the magnetic axis of the detector
solenoid. Therefore, when the detector solenoid is energized, at least one beam will
experience magnetic forces that change its trajectory vertically and horizontally from the
nominal (solenoid-off) trajectory. In the case of PEP-II, the beams are separated in the
horizontal plane, so the effect of the detector solenoidal field is primarily to shift the
beam orbits vertically. We assume a solenoidal field strength of 1 T over a distance of
12 m around the IP. However, the fringe field of the solenoid has been included when
calculating the effect of the detector field on the beam orbits, as this has a significant
influence on the results. For the case under study, a magnetic field map was generated
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Fig. 4-34. HER dynamic aperture at the injection point (tracked for 1,024
turns), for (a) on-energy and (b) off-energy cases, showing the effects of various
combinations of lattice imperfections. Set 1 corresponds to adding only
misalignments and roll errors, Set 2 corresponds to only magnetic multipole
errors, and Set 3 is the result of combining the multipole errors with strength
errors for both quadrupoles and sextupoles.

91



COLLIDER DESIGN

92

| | 1 | |
8™ Bare HER I
6 -]
€
<
> 4 ]
2 — —
o Stored beam . ¢
S : 100 ; >
0 1 I | 1 ]
6 (b) -]
Bare HER
£
3 ........
>
Seed
..... #
2| 2 -
o Injected beam ;o
Dol 36 / : Seed
.; N Stored beam . *3
0 1 L | 10c 1 |
-2 -1 0 1 2
x (cm)

Fig. 4-35. HER dynamic aperture at the injection point (tracked for 1,024
turns), for (a) on-energy and (b) off-energy cases, including the combined effects
of all lattice errors (with three random seeds). The 10c boundary required for
injection is indicated.



y (cm)

(cm)

4.1 Lattice Design

10 T I T T

(@)

- A AA B A BAA DB A = - -
FEE Py rrrrry e

LLLLLALA,

-
- -
-~ -
o dan
ot A=
o Lo ddd =
bl 3Bl ok B ol ok oo ol ok ok Al s
it rdr e tr bt trir ittt e L L R T Y s
B e bbbl bbbttt Lt L L T P P X Vo aas
OF o0 2l o o ¥ oK g o ¥ ol ol 2 2 ol o K ) o ol okt B ¥ B o ol 3K o e o
Rt it b i b e et L e L T T I P I Y rens
4 [~ -JJJJJJJJJJJJJJJJJHJJJJJJJJJJJJJJ:::J_-
-

r ]

E ]

r ]

-

r

-

- L]

- -4
" -
o,

o4 -~
- -
- -~
& r
- -
- r]
- &
4 -
- r
o o

LLALLY Y

o .
of & ok & -
of o i ot -
b ol ol ok A -t
o o ok o o o ot
o Bk A L4
oF ol o rL4
o ot od Er
Py rrr A
ELLLE] Er

LLLLLLLAL

- Fr ] ey
. EE ] A
- EL At
- LY ol oF &
" oA Aot
&4 rr) ot ol B
Ad Eri o =% 8
- ) oAkl
&4 o i o o K

ARk hEL L
LELALEALLLY,

-
-
-
&
L]
&
-
-
-
-

ARLRLLRLLL

F ]
rry Aol B
el A Y
o o o Aot
Ao it A
oo Py
rred L Lyl
rrel Ly
Add of o 8
of ot

SN ERERNY
LALLALRALY

A ok & o
off
o ot B
ook
ErEr]
sl
o b B o
Addd
o of &

LALLELALL
RLLLRRREL
AL ALALL

r]
&
o
-
r
-
o
r ]
F

LALARRLKL
AREREALLE
ERAARLLLLL
LLLLRAEAL

Prrrrry
EErrEry
L el
o ol o B
Al A A
ol ot o o
ook o ok
L rry
L rry

e B B B e B

of b ok b
ot o o D ol
of ot
o o aF ok ol o
ol o o ol A
o dl of o8 o o
of d o o A
of B o ol Sl o
of o od o A

SRR ALLL
Bl Bl B B Be

o
- S r Pr e F
2 - e e o e L L L F EF P F P E P F Y r r r rr rr rr rree
R br bbb i b b L r bttt bt g L L L T Yy Jr e ey ey g ey gyt gy pugy
Bt bttt ir b tr b bttt e L L L L P T P Y T T rrrrrrre
b B b b b e i i e et e ettt et D L L 2 NP I e Y e g g Y g g eyt gy - gr e - yr o
Bt et ettt bt A bt b o b e ettt L L L L BN P Y rrrrrrrrre
A et S ar Sr r o e o b i i b ot L L P P Y P o g ey e pr ey e e yu g yeyr g
e e e L e e e e e e L L L L L L T FFFFr F P rrrrerrrrrerrree

J‘JJ‘J‘JJJJ‘JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ-
~aF o ok Bk o B ol Mk ARk B ¥ B A DD B A ARG A DA DB AL B L RADE Aol b ol s o? B ol o ook
o‘ it} rrrrrrrrrryl
-
n
6 — - -
-
U
" ° Medsbensme
ey
LT T
-
* ha* Sudubatn Sutiatoatahabamivds
-
[
e Yyl -
ey -
R Gutiorerr sy r it el
4 — ~
. o ossn -
¥~ - .
- - .
- Sty
“hmm * e
e e e T e T -
[ . -
-
. PFrve oy -
.o . -
- - o
P Ve S T W W W R W R AN F W W ET NIy iR
2 — L ) Ly -
S Tm kb o e bt ande bt ety ot e e et
[ «
- -
[SPadii A
. e e e e P et et MifthafoSuliufus A
- . -
. Do ot e e T e e B e St Ahmhust. o .
0 ] R - T oy I - J
x (cm)

Fig. 4-36. .Dynamic aperture of the LER bare lattice for (a) on-energy and (b) off-

energy cases. The amplitudes are plotted at the injection point, corresponding to
Bx =40 m and By = 170 m. The points denote particles launched at that
amplitude that survived for 1,024 turns.
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Fig. 4-37. LER off-energy tracking results from Fig. 4-36b projected into tune
space. Low-order betatron (solid) and synchrobetatron (dashed and dotted)
" resonance lines are indicated.
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Fig. 4-38. LER bare lattice dynamic aperture at the injection point showing the
effects of the parasitic crossings and the effects of including dipole fringing
fields for the off-energy case. Tracking was done for 1,024 turns. The 100
boundary required for injection is indicated.

for a representative PEP-II detector configuration using the program POISSON. The
resultant longitudinal component of the field along the solenoid axis is shown in Fig.
4-41. Expansion formulas for both the radial and longitudinal components of the
solenoidal field [Glaser, 1956] were used to calculate the magnetic field along the beam
trajectories.

To minimize the orbit deviations, the angle of the detector solenoid with respect to the
collision axis of the beams is treated as a free parameter. In addition, by differentially
powering the trim coil of the Q1 permanent magnet we can add a small dipole field to the
quadrupole field, thereby using the trim coil to steer the beams. A 1-mm displacement of
the magnetic center of the quadrupole requires a superimposed dipole field of 0.011 T,
about 40% of the design value for the Q1 trim coils (see Section 5.1.3.3). Once beyond
the Q1 magnet, the two beams enter separate magnetic channels. We allow for £2 mm of
transverse motion of the Q2 and Q4 magnets for further beam steering. The transverse
displacement of the magnetic center of these magnets could be achieved either
mechanically (by physically moving the magnets) or electrically (by adding trim coils to
the magnets); both alternatives are under study.

Because it is easier to resteer the low-energy beam than the high-energy beam, we
want the tilt of the solenoid axis with respect to the collision axis to be roughly aligned
with the 11.2-mrad entrance and exit angles of the high-energy beam. This minimizes the
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Fig. 4-39. LER dynamic aperture at the injection point (tracked for 1,024
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injection is indicated.
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Fig. 4-40. LER dynamic aperture at the injection point (tracked for 1,024
turns), for (a) on-energy and (b) off-energy cases, including the combined effects
of all lattice errors (with three random seeds). These results are the same as those
shown in Fig. 4-39, but plotted as invariant amplitudes determined by a fourth-
order, normal-form analysis. The 100 boundary required for injection is

indicated. Dotted lines indicate the mapping of the coordinate-space grid from
Fig. 4-39.
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Fig. 4-41. Plot of the solenoidal magnetic field along the longitudinal axis of
the detector solenoid.

effect of the solenoid on the stiffer beam. After investigating a range of solenoid tilt
angles between 5 and 25 mrad, an angle of 15 mrad was chosen. Figure 4-42 shows the
two beamlines and the detector solenoid field orientation. Figure 4-43 shows the effect of
the solenoid field on the vertical beam trajectories when no orbit compensation is used.
Displacing the magnetic center of the Q1 magnet downward by 0.8 mm and raising the
magnetic centers of Q2 and Q4 by 1.4 mm and 0.5 mm, respectively, results in vertical
and horizontal beam orbits that deviate by less than 1.5 mm from the nominal (solenoid-
off) location, as indicated in Figs. 4-44 and 4-45, respectively. We know that such orbit
deviations are acceptable in terms of detector background, because only minor changes in
the calculated backgrounds resulted from magnet misalignments of about this magnitude
(see Section 4.2.1.6).. It should be noted that the above solution represents a fairly broad
optimum—changes in tilt angle of +3 mrad and deviations of £0.2 mm in the quadrupole
magnetic centers do not significantly alter the beam orbits.

4.1.3.6 Compensation of the Optical Effects of the Detector Solenoid. As the effect
of the solenoid on the beam scales with the beam energy, we expect the LER optics to be
much more affected than the HER optics. A quick comparison between the solenoid field
normalized to the LER energy, 1.22 T-m/GeV, and the strongest solenoid (ALEPH) in
LEP normalized to its injection energy, 0.5 T-m/GeV, shows that the expected effect on
the LER optics is considerably stronger than at LEP. (For LEP, the maximum tilt of the
normal modes with respect to the horizontal and vertical axes is about 4° after perfect
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Fig. 4-42. Plan view of the beamlines. The orientation of the detector solenoid
axis is indicated by the thick dashed line. The detector solenoid is tilted by
15 mrad with respect to the collision axis.

compensation.) It turns out that the first LER quadrupole, which is located inside the
PEP-II detector solenoid, changes the phase advance such that the ends of the solenoid
tend to partially compensate the optical effect of the center.

Because a 4 x 4 symplectic matrix can be generated by a quadratic Harmltoman in
two degrees of freedom, we require ten adjustable parameters to match the transverse
optics. In other words, with ten “knobs” we can restore a coupled, mismatched matrix to
its original form. These ten knobs are identified with four skew quadrupoles and six
normal quadrupoles on each side of the IP. Because the detector solenoid is tilted with
respect to the horizontal axis, a residual vertical dispersion must also be compensated,
which requires a total of six (rather than four) skew quadrupoles on each side of the IP.
Additionally, two pairs of normal quadrupoles are needed to restore the horizontal
dispersion.

Evaluation of the transfer matrix was done with special attention to the details of the
PEP-II design:

* The solenoid axis is tilted by 15 mrad horizontally with respect to the collision axis

* At the entrance and exit of the solenoid, the beam will sense longitudinal and
transverse nonlinear fields (which have been evaluated from the longitudinal field
distribution shown in Fig. 4-41)
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Fig. 4-43. Vertical orbit deviations of the low- and high-energy beams in the
presence of the detector solenoidal field with no orbit compensation.
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Fig. 4-44. Vertical orbit deviations of the low- and high-energy beams in the
presence of the detector solenoidal field with vertical displacements of the
magnetic centers of Q1, Q2, and Q4 by —-0.8 mm, 1.4 mm, and 0.5 mm,

respectively.
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Fig. 4-45. Horizontal orbit deviations of the low- and high-energy beams in the
presence of the detector solenoidal field with the same displacements of Q1, Q2,
and Q4 used in Fig. 4-44.

» Some quadrupoles and bending magnets are located inside the detector; their fields
are superimposed on the magnetic field of the solenoid

The six-dimensional transfer matrix from the IP to the end of the solenoid fringe field
has been evaluated by integrating Hamilton’s equations using a fourth-order Runge-Kutta
method. This linear transfer map was then inserted into the lattice, and the optics code
MAD was used to rematch the transfer matrix from the IP to the beginning of the arc to
its form without the solenoid. Four skew quadrupoles have been placed at locations of
independent phases, p, £ i, as is suggested by Hamiltonian perturbation theory. The
remaining 2 skew quadrupoles are placed at locations with vertical dispersion. For both
the LER and the HER, these magnet locations were varied until an optimal solution was
achieved. The maximum integrated strength of the tilted quadrupoles is about 10% of the
integrated strength of a normal quadrupole. After compensation, the maximum tilt of the
normal modes in the LER is less than 5°.

'4.1.4 Energy Tunability

Because the IR optics are based on permanent magnet technology and are thus not easily
adjustable, some care must be taken to ensure suitable optics flexibility.

The majority of running at PEP-II will be at the T(4S) resonance. This is where the
CP violation physics is done; the remaining physics topics, except for the T resonance
and B; mixing studies, are also best done at the T(4S). It may nevertheless be desirable to
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intersperse short runs (1-3 months) at other resonances, such as the T(2S), T(3S), and
T(5S) (see Fig. 2-1). For such studies, these short runs will generate enormous increases
(factors in excess of 100; see Table 2-1) over the size of data-sets currently available. In
addition to a short run at the T(5S), a longer dedicated run (on the order of 30 fb-1) will
be needed for studies of B; mixing; for this, it may well be prudent to reoptimize the IR
region, increasing the machine asymmetry and reducing the radius of the first layer of the
silicon vertex detector. This experiment is not foreseen early in the program; it will
commence after a comprehensive CP violation program has been established.

PEP-II has been designed to accommodate this program. The collision energy is
tunable over the full range of desired energies. The strategy for covering this range is to
change both the electron and positron beam energies such that the angle between the two
beams as they exit the Bl magnet is held constant. The maximum change in the energy
of the low-energy beam (LEB) is less than 3% relative to the nominal T(4S) case.
Because this change is within the range of the trim coils of the QD1 magnet, QD1 can
track the LEB energy (thereby ensuring proper focusing). The high-energy beam is
focused primarily by the QD4 and QFS5 electromagnets so it is easy to maintain proper
focusing for it. The collision angle at the IP is adjusted to keep deviations from the
nominal trajectory of each beam to less than 0.5 mm out to a distance of 5 m. We have
assured ourselves that the beam trajectories in this case—as at higher center-of-mass
energies—remain within our conservatively defined stay-clear region of 150 + 2 mm.

PEP-II has been designed to deliver a luminosity of 3 x 1033 cm2 s-! at the T(4S). It
is, of course, desirable to maintain this maximum luminosity for the short T-physics runs;
by the very nature of the large increase in statistics these runs will bring, however,
moderate reductions in machine luminosity pose no problems.

The luminosity of PEP-II at different center-of-mass energies can be derived in a
straightforward way from the scaling of a single-ring circular collider. In going from the
T(4S) to the T(5S), the beam energies must be raised by 2.4%. In a conventional
electron-positron collider, most of the RF power is devoted to producing the cavity
voltage at the design energy. Above this energy, the voltage required is proportional to
the synchrotron radiation loss (the well-known y# law), so the cavity dissipation scales as
v8. Since the tune shift is proportional to ¥, the luminosity scales as y7. In the case of
PEP-II, the cavity wall losses are less than one-third of the total power; the existing spare
capacity can therefore be used to keep the luminosity approximately constant up to the
T(5S).

In the regime below the nominal energy, and with fixed optics, the beam dimensions
are proportional to y. (In this regime, the RF power needed to restore synchrotron
radiation is always less than at the design energy.) The current per beam is then limited
by the beam-beam tune shift equation, scaling as 73. The luminosity then scales as y4.
In PEP-II, as in most modern storage rings, the emittance can be optimized by using
wigglers or dispersion mismatching. In this case, it is possible to keep the beam
dimensions constant as the energy varies. Under these conditions, the luminosity varies
as 72, giving a 25% reduction in luminosity at the T(1S) and correspondingly lower
reductions at the T(2S) and T(3S).
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4.2 ESTIMATION OF DETECTOR B ACKGROUNDS

The problem of machine-related backgrounds is one of the leading challenges in the
PEP-II project: The detector must be sufficiently well protected to prevent either
excessive component occupancies or deterioration from radiation damage. In effect, what
is required is to achieve background rates similar to those of existing colliders, but at
beam currents an order of magnitude higher. There are three primary sources of
backgrounds:

« Synchrotron radiation photons produced in the machine magnetic elements

» Off-energy electrons and photons produced in bremsstrahlung interactions with
background gas molecules

« Elastically (Coulomb) scattered, off-angle electrons produced in interactions with
background gas molecules

These background sources can give rise to primary particles that can either enter the
detector directly or generate secondary debris that ultimately reaches the detector.

We have carefully simulated, in great detail, the effects of these backgrounds. It is
probably fair to say that the interaction of machine backgrounds and the detector
environment has never been so exhaustively studied for any previous accelerator. This
level of detail is mandatory in the case of a B factory design, because the consequences of
underestimating the effects of the background are so serious. Thus, we view the
considerations described in this section to be the sine qua non of the PEP-II design.

In what follows, we try to convey the breadth of the considerations and the level of
detail that were incorporated in the simulations. Before delving into the details of the
calculations, however, it is useful to provide an overview that describes the thrust of our
approach to the machine optimization.

The attraction of head-on collisions and magnetic separation of the heteroenergetic
beams was discussed in Chapter 3. As indicated there, we believe that this strategy
provides the most conservative approach to achieving high luminosity in an asymmetric
collider. Magnetic separation (as opposed to using a nonzero crossing angle) does come
at a price, however. The separating elements (dipoles and quadrupoles) generate high
levels of radiated power and consequently a large flux of synchrotron radiation photons.
Two issues thus dominate the optimization of the interaction region (IR) optical design:
controlling the resultant backgrounds and effectively managing the absorption of the
power. Achieving these goals simultaneously is quite difficult. Indeed, we generated
many attractive IR geometries that were ultimately rejected because one or both of these
criteria could not be met.

It is also crucial to subject each promising design to the stringent test of a realistic
engineering solution for the IR elements (magnets, masks, etc.). Both the limiting of
backgrounds and the ability to engineer all the beamline elements in the IR must be
demonstrated before the design can be deemed acceptable. We believe that what follows
in this section (management of backgrounds) and the detailed engineering considerations
for all the IR mechanical elements, covered in Sections 5.1.3 and 5.2.7, represent a robust
and completely satisfactory solution.
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Our design strategy was to choose the placement and apertures of the IR magnetic
elements in such a way as to ensure that most (about 90%) of the radiated power
produced close to the interaction point (IP) is absorbed on downstream surfaces far away
from the detector. This is the key ingredient in the success of the design, because it
ensures that local sources of secondary interactions are greatly limited. Our strategy
requires a careful evaluation of all the material required for the machine elements and for
their support, as well as a generous space allowance between the radiation fans and any
such material. Realistic evaluations of the space required for the IR elements have been
based on the detailed engineering designs discussed in Section 5.1.3; appropriate
clearances, including an allowance for displacement of the beam orbit, have been
incorporated. It has also proved important to provide a low gas pressure (below 1 nTorr)
in the section of beam pipe in each ring that immediately precedes the IR.

In addition to paying attention to these engineering details, sufficient care must also
be taken with the simulations of the absorption, scattering, and reemission of radiation
incident on masks, beam pipe walls, magnets, etc. In our simulations, all primary sources
(both electrons and photons) were propagated from their creation to the point where they
are intercepted by a machine element. For charged particles, the effects of all magnetic
elements were taken into account. The EGS electromagnetic shower simulation code
- [Nelson et al., 1985] was used to track the debris of the showers. This code includes the
material properties appropriate to each intercepting element, the incidence angle and
energy of the showering particle, and the geometry of the scatterer (particularly thin,
sharp edges or “tips”). The shower process is followed until an inventory, in terms of -
both energy and number, of all electrons, positrons, and photons hitting each detector
element has been established. The appropriate material, geometry, and magnetic effects
of the detector are incorporated in establishing this inventory.

In what follows, we turn first to the details of the synchrotron radiation backgrounds
(Section 4.2.1), next to the inventory of where all the synchrotron radiation power is
deposited (Section 4.2.2), and finally to the consideration of lost-particle backgrounds
(Section 4.2.3). We will see that the design we adopted provides a considerable safety
margin between the occupancy and radiation-tolerance levels of the detector components
(see Section 2.4) and the estimated levels of detector backgrounds.

4.2.1 Synchrotron Radiation Backgrounds
Several sources must be considered in the investigation of synchrotron radiation
backgrounds:

* Direct synchrotron radiation (primary masks must be placed to prevent such
radiation from striking the detector beam pipe, at the same time keeping the
number of photons striking their tips to an acceptable level)

» Photons that scatter through a mask tip
* Sources of synchrotron radiation from elements far upstream of the IP

* Sources of backscattered photons from downstream surfaces
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These issues are taken up here, along with a discussion of the calculational procedure
used for predicting detector backgrounds. Our conclusions are that synchrotron radiation
background rates are 84 times lower than the allowable detector occupancy and radiation
damage limits.

A detailed tracing of all the synchrotron radiation power must also be undertaken to
make sure that no background problems arise from surfaces where the power is absorbed.
This study is described in Section 4.2.2.

Separating the unequal-energy beams by the use of bending magnets and offset
quadrupoles generates several fans of synchrotron radiation. The geometry of the IR
optics, however, is designed to minimize the amount of synchrotron radiation that strikes
nearby surfaces. In particular, the “S-bend” geometry of the beamlines (see Fig. 4-46)
allows most of the synchrotron radiation generated by magnetic elements upstream of the
IP to pass through the detector region without hitting local surfaces.
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Fig. 4-46. General layout of the interaction region. The vertical scale is highly
exaggerated. The dashed lines are the beam-stay-clear envelopes. The masks
labeled LEB and HEB shield the detector beam pipe from direct synchrotron
radiation. The mask surfaces facing away from the collision point are sloped such
that incoming photons striking these surfaces cannot scatter directly onto the
detector beam pipe. The cross-hatched regions indicate the septum portion of the
02 quadrupoles. As discussed in Section 4.1, there is no longer a magnet
designated Q3 in the lattice.
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For this discussion, synchrotron radiation generated by beam particles is separated
into two categories: '

« Radiation generated by a beam passing through a bending magnet or an offset
quadrupole; this is referred to as fan radiation. The intensity and power density of
the fan radiation are high, because all of the beam particles contribute.

* Radiation generated by a beam that is on-axis as it travels through a quadrupole;
this is referred to as quadrupole radiation. The intensity and power density of
quadrupole radiation are much lower than for fan radiation, because the radiation is
dominated by beam particles that are some distance away from the beam
centerline, usually by three or more rms beam widths (0; ).

In general, quadrupole radiation contributes only about 1% of the power generated by
fan radiation, and the power is spread out over a much larger surface area. All
calculations of detector backgrounds reported here include both fan and quadrupole
radiation. Power calculations and estimates of photon power density on surfaces,
described in Section 4.2.2, include only fan radiation. The IR has been designed to be
compatible with two running conditions for the HER, B; = 2 cm (the nominal case) or
By =3 cm. The 2-cm design has a high-energy beam (HEB) current of 0.99 A; the 3-cm
design would require a beam current of 1.48 A. All synchrotron radiation power
calculations near the IP, and the detector background calculations reported in this section,
use the nominal beam currents for the 2-cm design: 0.99 A for the HEB and 2.14 A for
the low-energy beam (LEB). The detector background numbers or radiation power for
the 3-cm design can be obtained by multiplying the HEB background numbers by 1.5.
For thermal design purposes, we have considered the higher HER beam current, 1.48 A,
in specifying the IR mask properties (see Section 5.2.7).

As shown in Fig. 4-46, the HEB is centered in the Q1 quadrupole and the LEB is
offset. Because Q1 is horizontally defocusing, this arrangement maximizes the
separation of the beams by bending the LEB only. Sufficient separation is available to
allow the Q2 quadrupole to be placed close enough to the IP to keep the maximum beta
functions of the LEB near 100 m. .

The apertures of the separation dipole magnet B1 and the quadrupoles Q1 and Q2 are
large enough to accommodate at least 8 mm of radial space for a beam pipe and trim
coils, while still maintaining 2 mm of free space between the beam pipe and either the
synchrotron radiation fans or the 150 envelope of the beam. (For determining beam-stay-
clear apertures, we use the uncoupled horizontal emittance and the fully coupled vertical
emittance, as discussed in Section 5.2.)

4.2.1.1 Synchrotron Radiation Fans. The LEB generates synchrotron radiation fans as
it passes through the Q1 and B1 magnets on its way to the IP. Figure 4-47 shows the
LEB radiation fans near the IP. The LEB mask in Figs. 4-46 and 4-47 is designed to
prevent any of the synchrotron radiation (either fan or quadrupole) generated by the
upstream magnets from directly striking the detector beam pipe. The surfaces of the LEB
mask that are struck by the upstream radiation fans (that is, those surfaces facing away
from the IP) are sloped such that incoming photons cannot scatter into the detector beam
pipe. Fans generated by the two Bl magnets and by the downstream Q1 magnet pass
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Fig. 4-47. Detail of the IR geometry, showing the radiation fans from the LEB.
The density of shading gives an indication of the relative photon intensity from the
various radiation fans.

through the IR without striking any surfaces. The first surface that intercepts the B1 fans
is the septum mask in front of the Q2 septum quadrupole, located 2.8 m from the IP. This
septum mask must be capable of absorbing 3.5 kW of power; a satisfactory design is
described in Section 5.2.7. Table 4-15 summarizes some of the properties of the LEB
and HEB radiation fans.

The Q4 quadrupole (see Fig. 4-46) is offset from the HEB axis by 10 mm. This
produces a fan of bend radiation and deposits about 853 W of power on the HEB mask
(see Fig. 4-48). The surface struck by this radiation is sloped such that scattered photons
cannot reach the detector beam pipe. The HEB then goes through a horizontal bend
magnet BH1. This magnet produces another radiation fan, part of which strikes the
downstream Q2 septum mask, depositing 233 W of power. The combined effect of the
two bends is to move the HEB axis such that the quadrupole radiation from the upstream
Q5 does not strike the IP side of the LEB mask. Thus, no synchrotron radiation photons
directly strike the IP side of either the HEB or the LEB mask. The fans of radiation
generated by the HEB as it passes through the two B1 magnets do not strike any surfaces
in the IP region and are absorbed in a high-power dump that starts at about 17 m from the
IP (see Fig. 4-49). .

107



COLLIDER DESIGN

Table 4-15. General properties of the fans of synchrotron radiation generated
by the Bl magnets and the offset beams in the quadrupoles within 5 m of the
IP. The values are based on the nominal beam currents of 0.99 A for the HEB

and 2.14 A for the LEB.
Magnet Fan power (kW) N, (1019) Erit (keV)

LEB:
Upstream Q2 0.07 1.5 04
Upstream Q1 2.88 12.2 20
Upstream B1 6.18 11.0 4.8
Downstream B1 6.18 11.0 4.8
Downstream Q1 2.88 12.2 2.0
Downstream Q2 0.07 1.5 04

Subtotal 18.3 49
HEB:
Upstream Q4 1.11 2.1 4.5
Upstream BH1 0.91 0.9 8.1
Upstream B1 24.0 5.1 404
Downstream B1 24.0 5.1 404
Downstream BH1 0.91 0.9 8.1
Downstream Q4 1.11 2.1 4.5

Subtotal 52.0 16

Total 70.3 65

As can be seen in Table 4-15, most of the synchrotron radiation power is.generated by
the HEB, and all but 2 kW of this power passes through the IR without striking any local
surfaces. A complete inventory of synchrotron radiation power striking various surfaces
near the IP is presented in Section 4.2.2.

4.2.1.2 Detector Backgrounds from Synchrotron Radiation. To evaluate detector
backgrounds from synchrotron radiation, a series of programs was used. A flow diagram
corresponding to the description below is shown in Fig. 4-50. As a first step, a machine
lattice file is produced in which magnet positions, lengths, and strengths are specified, as
well the position of each beam in each magnet. This information is fed into two
programs, MAGBENDS and FINBETAS. The MAGBENDS code produces a beamline
geometrical layout and calculates the fan power distribution. The FINBETAS code is
used to calculate beta functions, beam sigmas, and beam-stay-clear envelopes for both
beams. Information from both of these programs is used to produce pictorial layouts of
the IP region. In addition, outputs from these two programs are used to make the input
file for SYNC_BKG, an enhanced version of the code QSRAD that was originally
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Fig. 4-48. Detail of the IR geometry, showing the radiation fans from the HEB.

The density of shading gives an indication of the relative photon intensity from the

radiation fans. The tip of the HEB mask is at least 3 mm outside the fan of

radiation generated by the HEB as it goes through BH1. A radiation fan from the
_ upstream Q4 magnet strikes the HEB mask.
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Fig. 4-49. The HEB synchrotron radiation fans from the two B1 magnets. These
Jans do not strike any surfaces near the IP and are absorbed in a high-power dump
that starts at about 17 m from the IP.
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Fig. 4-50. Flow diagram of the procedure for calculating detector backgrounds
Jfrom synchrotron radiation. At various stages in the procedure, a problem can be
uncovered that forces a change in either the lattice or the masking geometry. This
is represented by the various arrows returning to the lattice and masking geometry

boxes. For any single design, many trips around these internal loops are needed
before the design is either accepted or rejected.
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written to study synchrotron radiation backgrounds at PEP and that has also been used to
model backgrounds at the final focus of the SLC.

The SYNC_BKG program traces rays for the entire beam profile through quadrupoles
and produces synchrotron radiation fans that are “scored” on various user-supplied mask
surfaces. SYNC_BKG tallies both the number of photons striking each surface and the
photon energy distribution. For PEP-II, the masking and beam pipe surfaces are designed
so that the only nearby sources of photons that can reach the detector beam pipe are the
tips of the LEB and HEB masks.

In addition to the beam pipe and masking geometry, SYNC_BKG also receives
information about the transverse profile of the beam. Although its exact shape is not
easily predicted, a non-Gaussian beam profile might result from, say, the beam-beam
interaction. We include this possibility in our calculations by introducing a second
Gaussian that has a larger rms width (o) and a lower amplitude than that of the nominal
beam core. Adding these two distributions together produces a non-Gaussian beam
profile, with enhanced particle densities at large amplitudes. This parametrization of the
beam tail yields two variables, the amplitude A of the distribution and the scaling factor S
for the beam tail width. Figure 4-51 shows the beam distributions and the values of A
and S used in this study; these values result from a previous study of synchrotron
radiation backgrounds at PEP. To ensure that detector background rates are acceptable
under all conditions, the beam-tail distributions are traced out to the limiting aperture of
the ring. In the case under study, this means 10030 and 350,0. We determined that our
masking design is insensitive to the exact beam-tail distribution. Removing the tail
distribution completely results in a very small (about 1%) change in detector background
rates.

The information from SYNC_BKG is fed into an EGS interface program called
MASKING. As indicated in Fig. 4-52, for a given incident photon energy spectrum, this
program produces reflected, transmitted, and absorbed photon energy spectra. (A large
selection of elements and compounds is available for the intercepting materials.) The
EGS package includes K-shell photon fluorescence and Rayleigh scattering, but does not
have provision for L-shell fluorescence. (Calculations of L-shell fluorescence suggest
only small increases in the synchrotron radiation background rates we have computed.)
MASKING uses an infinite-slab geometry to calculate the spectrum of photons that
reflect from a surface or that penetrate through materials (for example, a beam pipe). In
addition, a finite-slab geometry is available to study tip scattering. The files of reflection,
transmission, and absorption coefficients thus produced are collected by another program
(PHTALLY) and folded together to produce the background rates for various detector
elements. These are displayed in Table 4-16. For comparison, Tables 2-5 and 2-6
indicate the maximum numbers of photons/us that are permissible in terms of detector
occupancy and radiation damage considerations. Figures 4-53 and 4-54 show the photon
energy spectra for the HEB and LEB, respectively.

4.2.1.3 Tip Scattering. The scattered photons incident on the detector beam pipe are
those that scatter through the tips of the LEB and HEB masks. Figure 4-55 illustrates the
mechanism of tip (as opposed to surface) scattering. The tip-scattering effect is modeled
by uniformly generating the incident photons along a line perpendicular to the edge of the
material. Photons that scatter through the mask tips are then followed and a tally is kept
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Fig. 4-51. Plot of the beam profiles assumed for the calculation of detector
backgrounds due to synchrotron radiation. The integral of the background
Gaussian is about 0.25% of the main beam Gaussian.
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Fig. 4-52. Flow diagram of the procedure for producing reflection, transmission,
and absorption coefficients and final photon spectra.
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Table 4-16. Synchrotron radiation detector background predictions. The numbers
are for each crossing. Multiply by 2.38 x 105 to get photons per second. The
energies refer to the total energies of the indicated photons. The beam currents used
in these calculations are 0.99 A for the HEB and 2.14 A for the LEB. Beam pipe
materials are 25 yim of Cu and 1 mm of Be. The beam pipe inner radius is 2.5 cm
with a 17-cm length for the Be section. The average angle of incidence is 75 mrad
Jfor the radiation striking the beam pipe from the tip of the HEB mask and 140 mrad
Jor the radiation striking the pipe from the LEB mask tip. Silicon layers are 300 yum
thick. The number of photons per crossing penetrating the beam pipe and incident
on the first layer of silicon is 0.040. The total energy of these photons is 0.94 keV.

Incident Absorbedin  Absorbed  Absorbed Incident
on Be first in second in third on drift
pipe Si layer Si layer Si layer chamber
3.1-GeV beam
4 <Ey,<100keV:
Number of photons 020 55x10% 29x106 8.1x10% 1.3x10°10
Energy (keV) 128 45x103 25x105 7.1x107 1.2x10°
4 <Ey<20keV:
Number of photons 020 55x10% 29x10% 81x108 13x10°10
Energy (keV) 128 = 45x103  25x105 7.1x107 12x10°9
9.0-GeV beam
4 <Ey<100keV:
Number of photons 1.04 0.027 69x10% 56x104 25x10°5
‘Energy (keV) 16.3 0.43 0.022 0.020 3.2x10-3
4<E,<20keV:
Number of photons 0.76 0.021 94x105 85x10%  2.1x107
Energy (keV) 8.06 0.17 89x104 13x10%4 37x10°6
Totals
4 < E,< 100 keV:
Number of photons 1.24 0.028 69x 104 56x10% 24x105
Energy (keV) 17.6 0.43 0.022 0.020 3.2x103
4 < Ey<20 keV:
Number of photons 0.96 0.022 3.8x10°5 8.6 x 106 2.1 x 107
Energy (keV) 9.34 0.17 9.2 x 104 1.3x 104 3.7 x 106
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Fig. 4-53. Final photon spectra for the HEB. The initial photon spectrum is
incident on the 22 um of the HEB mask nearest the edge. The second spectrum
results from photons that have scattered through the tip of the HEB mask.
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Fig. 4-54. Final photon spectra for the LEB. The initial photon spectrum is
incident on the 5 pm of the LEB mask nearest the edge. The second spectrum
results from photons that have scattered through the tip of the LEB mask.

of those that reach the detector beam pipe. The energy and the angle of incidence on the
detector beam pipe of these photons are recorded, and this information is used to
calculate the number and total energy of photons that penetrate the beam pipe and are
absorbed in the silicon layers of the detector. Figure 4-56 is a plot of the z position of the
intersection of the scattered photons and a cylinder having a 2.5-cm radius.

Figure 4-57 shows a plot of the distribution of photons that scatter through a mask tip
of gold, as a function of the distance from the edge of the mask. Half of the scattered
photons result from incident photons that are less than 2 um from the edge. This
calculation assumes a perfectly sharp mask edge; however, an actual mask tip will be
somewhat rounded. Photons that strike the rounded surface can also reflect directly, as
illustrated in Fig. 4-58; indeed, this direct reflection is more likely than tip scattering
through the mask. If we assume that the corner of the mask has a 1-um radius (which is
not difficult to achieve), then, for the 9-GeV radiation on the tip of the HEB mask, we can
estimate the number of photons per crossing incident on the detector beam pipe from this
source of background by taking the product of the number of incident photons/um (above
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Fig. 4-55. Schematic illustration depicting the mechanisms of (a) tip scattering
and (b) reflected scattering from a surface.
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Fig. 4-56. Plot of the z position of photons scattered from the HEB mask tip and
striking a cylinder with a 2.5-cm radius. The mask tip is positioned at —45 cm and
is 1 cm off the axis of the cylinder. The two arrows encompass the detector beam

Pipe region.
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Fig. 4-57. Plot of the distribution of photons that scatter through a gold mask tip,
as a function of the incident distance from the mask tip, for the HEB mask.

- Fig. 4-58. Schematic illustration of direct reflection from a rounded mask tip.
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4 keV), the surface-scattering probability of the mask material, and the solid-angle
fraction subtended by the detector beam pipe:

15000 photons/um x 0.007 (for Au) x 0.014 = 1.5 photons per crossing
Similarly, for the 3.1-GeV radiation on the rounded LEB mask tip we have
2600 photons/um x 0.0016 (for Au) x 0.095 = 0.40 photons/crossing

We therefore find that the background rates from a tip with a 1-um radius and that from a
perfect tip are comparable (see Table 4-16, which assumes a perfect tip).

4.2.1.4 Other Upstream Sources of Synchrotron Radiation

High-Energy Beamline. There is a long, very-low-field (&, = 1.2 keV) bending
magnet (B2) located 10-15 m from the IP. The radiation fan from this magnet deposits
105 W onto the HEB mask. The septum of the Q2 magnet shadows the downstream LEB
mask from this radiation fan. Consequently, the synchrotron radiation fans from B2, and
all other HEB magnets upstream of B2, do not contribute to detector backgrounds.

Low-Energy Beamline. In order to maximize the physical space available for the
septum of Q2, the magnet has been tilted by 20 mrad and offset by 6 mm with respect to
the LEB axis. This tilt and offset together generate a small bend in the beam trajectory,
producing 72 W of synchrotron radiation. This power is deposited on the far upstream
end of the LEB mask and is not seen by the detector beam pipe. Further upstream, two
horizontal bends (with & = 0.6 and 3.1 keV, respectively) deposit 707 W of power on
the LEB mask; the rest of these fans are shadowed by the Q2 septum (from which
scattered photons cannot reach the detector beam pipe in a single bounce, as discussed
below) and by the beam pipe for the incoming LEB. None of the photons from these
sources or from any other magnet further upstream strike the detector beam pipe.

4.2.1.5 Downstream Secondary Sources of Synchrotron Radiation. The radiation
fans ‘generated by the LEB as it passes through the B1 magnets strike the downstream
septum mask in front of the Q2 septum quadrupole. Roughly 5.7 x 10° photons (>4 keV)
per crossing strike this mask. Photons that backscatter out of the septum mask have no
direct line-of-sight to the detector beam pipe: The HEB mask shields the beam pipe from
this source of photons. Nonetheless, the intensity of this photon source is sufficiently
high that one must ascertain that photons bouncing off the intervening beam pipe do not
cause a background problem. ‘

The mechanism of the “double bounce” of photons onto the detector beam pipe is
illustrated in Fig. 4-59a. The simplified geometry shown in Fig. 4-59b permits the
calculation of solid-angle fractions for various cylindrical sections of beam pipe between
the detector beam pipe and the source. A calculation of the solid-angle fraction of the
detector beam pipe seen by each cylindrical section of beam pipe can also be made.
Summing the products of these two solid-angle fractions yields the probability that a
photon can backscatter from the septum mask and strike the detector beam pipe. The
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Fig. 4-59. (a) Schematic illustration of photons “double bouncing” to the detector
beam pipe from a source of synchrotron radiation, and (b) a simplified geometry

Jor the double-bounce problem. The typical dimensions shown in (b) were used to

generate Table 4-17.
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solid-angle fractions, along with their products, are displayed in Fig. 4-60; Table 4-17
lists the numerical solid-angle values.

As can be seen, the largest contribution to the solid angle comes from those beam
pipe surfaces near the detector beam pipe and near the source. Assuming
5.7 x 10° photons per crossing incident on a copper mask located 2.8 m from the IP, and
assuming that the intervening beam pipe is coated with a high-Z element such as gold,
then the number of photons per crossing incident on the detector beam pipe is given by
the product of the photons per crossing incident on the mask, the reflectivity of the mask
material, the solid angle for a double bounce, and the reflectivity of the beam pipe
coating:

(5.7 x 109) x 0.026 (for Cu) x (2.7 x 106) x 0.0024 (for Au) = 1.0 photons per crossing

The HEB mask effectively shields most of the detector beam pipe from photons
reflected from the nearby portion of the intervening beam pipe. In addition, care has been
taken to ensure that regions of the beam pipe within 50 cm of the source and within
50 cm of the detector beam pipe do not have any line-of-sight to the detector beam pipe.
This reduces by two orders of magnitude the probability of backscattered photons striking
the detector beam pipe (see Table 4-17). Furthermore, most of the photons that do strike
the detector beam pipe have a very small angle of incidence (<25 mrad), which further
reduces the probability that photons from this source will penetrate the detector beam

10°
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I Product of solid-angle
| ©) / curves (a) and (b)
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Fig. 4-60. Plot of (a) the solid-angle fraction of detector beam pipe as seen from
the main beam pipe, (b) the solid-angle fraction of intervening beam pipe as seen
Jfrom the source of radiation, and (c) the product of (a) and (b); the abscissa
represents the distance from the detector beam pipe.
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Table 4-17. Solid-angle (SA) fractions from a double-bounce source. The
numbers between the two dashed lines correspond to the double-bounce solid
angle for the 1.8 m of beam pipe centrally located between the source and the
detector beam pipe.

Distance from SA fraction of
detector beam pipe detector beam pipe ~ SA fraction of

to intervening as seen from intervening beam
beam pipe intervening beam  pipe segment as
(cm) pipe segment seen from source Product
(@ (b) ©

270 2.64 x 106 0.9557 2.52x 106
250 3.30x 106 8.26 x 10-3 2.73 x 10-8
230 421 x 10-6 1.55x 1073 6.53 x 109
210 549 x 106 545x 104 2.99 x 109
190 7.34 x 10-6 2.53x 104 1.86 x 10-9
170 1.10 x 10-5 1.37 x 104 1.51x 109
150 1.45 x 10-3 8.28 x 10-5 1.20 x 109
130 2.19x 10-3 5.38 x 10-5 1.18 x 109
110 3.52x 103 3.69 x 10-5 1.30x 10-°
90 6.20 x 10-3 2.64 x 105 1.64 x 10-9
70 1.25x 104 1.95 x 10-3 2.44 x 109
50 3.11x 10 1.48 x 10-5 4.60 x 10-°
30 1.18 x 10-3 1.16 x 10-5 1.37 x 10-8
10 1.60 x 102 9.17 x 10-6 1.47 x 107
Total 2.73x 10
Total for central 1.8 m 2.53x10-8

pipe. Taken together, these factors make double-bounce photons from the septum mask a
negligible source of detector background.

Still another possible source of detector background is backscattered photons coming
from the dump downstream of the IP in which most of the synchrotron radiation power
from the IR is absorbed. These photons may backscatter directly onto the detector beam
pipe. To estimate this effect, we assumed that the entire synchrotron radiation power is
absorbed in a dump located 17 m from the IP. The solid-angle fraction of the detector
beam pipe seen from this source is 2 x 10-8. (This calculation assumes that there is no
intervening LEB mask to shield most of the detector beam pipe.) There are about
5 x 1010 photons (>4 keV) per crossing incident on the dump snask. Taking a reflection
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coefficient for the dump mask material of 0.007, we get 7 photons per crossing incident
on the detector beam pipe. In reality, the LEB mask shields at least 90% of the detector
beam pipe from this source. The small region of detector beam pipe still exposed can be
easily shielded by a small lip (about 1 mm) near the edge of the beam pipe. In addition,
the very small angle of incidence on the beam pipe (about 2 mrad) eliminates the high-
power downstream dump as a possible source of detector background.

4.2.1.6 Sensitivity of Backgrounds to Misalignments. The following misalignments
were evaluated for their effects on detector backgrounds:

 Displacing the Q4 magnet 1 mm in x and y for the HEB
* Displacing the Q2 magnet £1 mm in x and y for the LEB
* Displacing the Q1 magnet +1 mm in x and y for both beams

* Displacing Ql, Q4, and Q5 +5 mm in x for the HEB; this corresponds to a
displacement of about 10 for the beam

» Displacing Q1, Q4, and Q5 £0.8 mm in y for the HEB; this also corresponds to a
displacement of about 10 for the beam

» Displacing Q1 and Q2 +2.6 mm in x for the LEB; this corresponds to about a 1o
beam displacement

* Displacing Q1 and Q2 +0.55 mm in y for the LEB; this also corresponds to a
displacement of about 10 for the beam

The HEB background is the more sensitive to misalignments such as these. We see a
threefold increase in the background rate in one direction and a 2.4-fold increase in the
opposite direction for a 5-mm displacement in x of Q1, Q4, and Q5. The rest of the
misalignment checks produced small (<50%) increases in backgrounds, with some
configurations producing rates that are actually below the nominal background rate.
None of the above misalignments resulted in synchrotron radiation photons directly
striking the detector beam pipe.

4.2.2' Survey of Synchrotron Radiation Power in the Interaction Region

Here we discuss the power levels on all the surfaces near the IP. An extensive analysis of
all sources of fan radiation that either travels through, or comes close to, the IP is
included. The analysis follows the fan from each source of radiation, and a tally for all
surfaces the fan strikes is maintained. Table 4-18 summarizes the power deposited on
various surfaces near the IP. The letters in the table that identify the various surfaces are
also shown in Figs. 4-61 through 4-64. As mentioned earlier, the power values are
calculated using the nominal beam currents: 0.99 A for the HEB and 2.14 A for the LEB.

There are twelve radiation fans, nine of which are produced within 5 m of the IP and
three of which originate from upstream bending magnets. The radiation fans can be
conveniently separated into four categories: upstream LEB sources, downstream LEB
sources, upstream HEB sources, and downstream HEB sources.
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Table 4-18. Power on surfaces near the IP. Each surface is identified by letter in
Figs. 4-61 through 4-64. Radiation fans that strike a surface do not necessarily
overlap; the surface power summary for each surface is the maximum power
density for that surface.

Surface power Total power

Source (W/mm) W)
Surface struck:
a. Beam pipe of Q2, HEB side
of septum (2.8-3.3 m)
B2 0.2 81
b. HEB septum mask (2.8 m)
B1 upstream 13 1424
B1 downstream 20 2078
33 3502
c. Beam pipe of Q2, LEB side
of septum (2.8-3.3 m)
B1 upstream 1.2 600
B1 downstream 13 666
25 1266
d. Beam pipe behind Q2, LEB
side of septum (3.3—4.25 m)
. B1 upstream 2.7 155
QI downstream 0.6 509
2.7 664
e. HEB mask (0.45 m)
B2 1.0 105
\ Q4 13 854
83 959
f. LEB mask (0.25 m)
B6 1.6 620
BS5 0.9 145
Q2 1.0 72
Q1 15.0 2775
i 17.5 3612 .
g. LEB septum mask (2.8 m)
B2 0.09 73
Q4 0.73 253
BHI 1.40 233
1.49 5592
h. Beam pipe of Q2, LEB
side of septum
B6 0.3 135
i. Beam pipe behind Q2, LEB
side of septum (3.3-5.3 m)
B6 0.1 123

aAn additional 62 W of power from B6 strike the edge of this mask.
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Fig. 4-61. LEB radiation fans produced upstream of the IP. The fan generated by
the upstream Q1 magnet is almost entirely absorbed by the LEB mask. The lower-
case lettering refers to surfaces in Table 4-18 that are struck by synchrotron
radiation.

4.2.2.1 Upstream LEB. These sources of radiation include upstream bending magnets,
B5 and B6, and three magnets near the IP: Q2, Q1, and B1. Part of the synchrotron
radiation fan from B6 strikes the beam pipe inside the Q2 septum magnet, depositing
about 135 W along the 0.5-m magnet length. Some of the remaining B6 fan deposits
about 60 W on the side of the septum mask located in front of Q2. The rest of the B6 fan
(620 W), the fan from BS (145 W), the small radiation fan from Q2 (72 W), and
essentially all of the Q1 fan strike the LEB mask, depositing a total power of 3.61 kW.
The total B1 fan power is 6.2 kW. Some of this fan strikes the beam pipe beyond the
downstream Q2 magnet in the LER and deposits 1.6 kW. Another part of the B1 fan
deposits 600 W on the beam pipe inside the Q2 magnet. A third part of the B1 fan strikes
the HEB septum mask, depositing 1.4 kW, and the rest of the fan (about 2.5 kW) is
absorbed in a radiation dump. There are two such radiation dumps in the HER beam
pipe, one on each side of the IP and located in the region about 17-24 m away from it.
The dump in the upstream part of the HEB beam pipe is referred to as the “high-power
upstream dump” (HPUD), and the dump located downstream of the IP is called the “high-
power downstream dump” (HPDD). The upstream LEB radiation fans are shown as
shaded regions in Fig. 4-61.
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Fig. 4-62. LEB radiation fans produced downstream of the IP. The radiation fan
from the downstream B1 magnet overlaps the upstream B1 radiation fan (see

Fig. 4-61). The overlapping BI fans deposit about 3.5 kW of power on the HEB
septum mask in front of the Q2 septum.

4.2.2.2 Downstream LEB. Two fans are generated by the downstream elements B1 and
Q1. A little over half of the B1 fan (3.3 kW) is absorbed in the HPUD. Most of the
remaining B1 fan strikes the HEB septum mask,-depositing 2.1 kW of power. The rest of
the fan strikes the beam pipe inside the Q2 magnet, leaving 666 W. The Q1 fan deposits
2.9 kW of power along about 4 m of the LER beam pipe, starting at 3.3 m from the IP.
Figure 4-62 shows as shaded regions the fans generated by the downstream LEB
elements.
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Fig. 4-63. HEB radiation fans produced upstream of the IP. The upstream Q4 fan

" strikes the HEB mask, depositing about 870 W of power. The remaining Q4 fan
and about half of the BH]1 fan strike the LEB septum mask in front of 02,
depositing about 500 W of power.

4.2.2.3 Upstream HEB. For the HEB, there are four upstream sources of radiation fans,
as shown in Fig. 4-63: A weak radiation fan from B2 (&4 = 1.2 keV) strikes the beam
pipe upstream of Q2 with 51 W of power, the beam pipe inside the Q2 magnet (81 W),
the HEB mask (105 W), the LEB septum mask (73 W), and the HPDD (9 W). Part of the
Q4 fan (g4 = 4.5 keV) strikes the HEB mask, depositing 870 W, and the rest (253 W)
strikes the LEB septum mask. Part of the BH1 fan strikes the LEB septum mask,
depositing 233 W, and the rest (677 W) is absorbed in the HPDD. The B1 fan misses all
nearby surfaces and is absorbed in the HPDD.
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Fig. 4-64. HEB radiation fans produced downstream of the IP. The radiation fan
Jrom the downstream B1 magnet overlaps the upstream BI radiation Jan (see
Fig. 4-63).

4.2.2.4 Downstream HEB. The three radiation fans from downstream HEB elements
B1, BH1, and Q4 miss all nearby surfaces (see Fig. 4-64) and are absorbed in the HPDD.
The total amount of power that is absorbed in the HPUD is 5.8 kW, and the HPDD
absorbs 50 kW of power. No power is seen in the upstream beamline of the LER. '
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4.2.2.5 Summary. We find that 80% of the synchrotron radiation power is absorbed in
downstream dumps and thus causes no increase in detector background, either from
backscattered photons or from beam-gas interactions. Of the remaining 14 kW, 5.8 kW
are absorbed in an upstream region of the HER 17 m from the IP, and most of the rest is
absorbed on the septum mask at Q2 and on the LEB mask.

4.2.3 Detector Backgrounds from Lost Beam Particles

Bremsstrahlung and Coulomb scattering of beam particles from residual gas molecules in
the beam pipe can lead to high-energy electrons and photons striking masks and the beam
pipe near the IP. The resulting electromagnetic showers can cause excessive detector
occupancy and/or lead to radiation damage. In this section, we discuss the methods used
to simulate this process, the rates and locations of lost-particle hits, and the resulting
detector backgrounds.

In calculating the rates at which particles strike near the IP due to bremsstrahlung and
Coulomb scattering, we simulate both the HER and LER lattices for a distance of 185 m
upstream of the IP (halfway around the adjacent arc). Bremsstrahlung scattering
produces an electron and a photon whose combined energy is equal to the beam energy.
In our simulations, the photon energy is restricted to the range between 2% and 99% of
the beam energy—events with a photon energy outside this range contribute less than 1%
of the energy deposited near the IP. Coulomb scattering gives an off-axis electron having
the full beam energy. In the simulations, we restrict the Coulomb scattering to angles
between 0.33 and 500 mrad, because electrons scattered by smaller angles do not hit near
the IP.

The analysis was carried out using two codes. DECAY TURTLE [Carey et al., 1982]
was used to simulate the interaction of beam particles with the gas and to transport the
scattered particles through the ring optics, and EGS was used to simulate the
electromagnetic showers produced in the masks and magnets near the IP and in the
detector. In DECAY TURTLE, which is a modified version of TRANSPORT [Brown et
al., 1977}, rays (representing particles) are transported until they either strike an aperture
or reach the end of the system (a point well beyond the IP). Rays that strike within
2.25 m of the IP for the HEB, or within 2.1 m of the IP for the LEB, are passed to EGS
for a detailed simulation of the shower development.

Our rate estimates are based upon a nominal beamline pressure of 1 nTorr (Nj-
equivalent) for a distance of 35-60 m upstream of the IP. Beyond 60 m, that is, in the
arcs (where copious synchrotron radiation makes it difficult to maintain this pressure), a
pressure of 5 nTorr is assumed. For the HER, we maintain a lower pressure (~0.2 nTorr)
from 35 to 3 m upstream of the IP, as discussed in Section 5.2.7.1; for the LER, the
region from 15 to 2 m upstream is kept at 0.2 nTorr. For both rings, the pressure close to
the IP is taken as 1 nTorr. In the discussion below, we quote the background rates per
microsecond, since 1 Us is a typical integration time for detector elements. Other
measures are employed for radiation damage, namely, rads/yr for the vertex detector and
C/cm/yr for the drift chamber.

The number of rays striking near the IP is reduced by suitably placed upstream masks.
The masks we consider are elliptical, with half-apertures given by the larger of 1 cm or
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nOyy+ 2 mm, where Oy, is the transverse (horizontal or vertical) beam size at the mask
location. We employ a graded aperture in this region of the lattice, that is, we use
progressively larger apertures as we approach the IP. Thus, we choose n = 15 within
10 m of the IP, n = 12 between 10 and 20 m from the IP, and n = 10 beyond 20 m from
the IP. :

Suitable mask positions along the beam axis (z position) are selected by examining
plots of the trajectories of tracks that strike near the IP. Figure 4-65a shows the
trajectories of soft bremsstrahlung rays (particles having between 80% and 98% of the
full beam energy) from the HEB that strike either the detector beam pipe or the LEB
synchrotron radiation mask (“+x” hits). Masks at the z positions indicated (arrows) will
clearly be effective in reducing the rate of these rays. Figure 4-65b shows trajectory plots
for soft bremsstrahlung from the LEB striking the detector beam pipe or the HEB
synchrotron mask (“—x” hits). The indicated mask locations (arrows) are used to reduce
these rays. Similar plots are made for hard bremsstrahlung (particles having 1% to 80%
of the full beam energy) and for rays due to Coulomb scattering. The positions and
apertures of our chosen masking solution are summarized in Table 4-19.

The masking scheme adopted essentially eliminates rays from the higher-pressure
upstream arc regions 60 m from the IP in each ring. Some of the remaining rays—due to
soft bremsstrahlung interactions—are illustrated in Figs. 4-66a (+x) and 4-66b (-x).
Some of these soft bremsstrahlung rays remain inside the beam-stay-clear envelope until
they are well inside the IP region; their rate is controlied by maintaining a low pressure in
the region immediately upstream of the IP. The required extent of the low-pressure
region in each ring was selected based on an examination of the source points of the rays
that deposit energy near the IP. Figure 4-67 shows, for each ring, the distribution of
energy incident on the bare beam pipe (the location most effective in producing
background in the silicon vertex detector) as a function of upstream distance from the IP
where the lost particles were produced. Based on these results, the low-pressure region in
the HER is maintained until 3 m from the IP, and that for the LER until 2 m from the IP.
The resulting hit rates and energy deposits near the IP are summarized in Table 4-20.

EGS is used to model the effects of rays that strike the detector close to the IP (within
3 m for the HEB and 2 m for the LEB). In this case, the EGS simulation includes not
only the geometry and material type of the beam pipe, masks, magnets, and detector
components, but the IR optics and detector magnetic fields. The probability of a DECAY
TURTLE ray being used in the simulation is determined by its “weight,” which includes
the effects of the appropriate cross sections for bremsstrahlung and Coulomb interactions
and the pressure at the point where the parent ray interacted.

Calculations make use of the OBJEGS interface to EGS [Hearty, 1991], which allows
the geometry to be specified in a straightforward, user-friendly way. There is, however, a
restriction in OBJEGS that requires our model of the detector and the IR to be

" constructed from cylinders parallel to, and centered on, the z-axis. Thus, the geometry is
specified in terms of the extent in z and the inner and outer radii of each object (see
Fig. 4-68). Because the actual synchrotron masks are not cylindrically symmetric, we use
two variants of the geometry (details of which are shown in Figs. 4-69a and 4-69b). The
+x variant (Fig. 4-69a) is used to model the LEB mask side and the —x variant
(Fig. 4-69b) is used to model the HEB mask side. As most stray particles strike near the
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Fig. 4-65. Trajectories of off-energy electrons from soft bremsstrahlung
interactions without upstream masking that strike (a) the +x side (side with the
LEB synchrotron mask) for the HEB and (b) the -x side for the LEB. The vertical
scale gives the distance from the nominal beam trajectory in mm, and the
horizontal scale gives the distance from the IP in meters. The vertical lines are the
scoring apertures in DECAY TURTLE that approximate the beam pipe aperture.
The dashed lines represent the beam-stay-clear envelope; the beam pipe itself and
all masks must remain outside this boundary. Arrows indicate locations where

" masks that would eliminate many of these rays can be placed.
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Table 4-19. Elliptical mask locations and apertures.

- Distance upstream

Beamline of IP x aperture Yy aperture
(m) (cm) ‘ (cm)
HEB 4428 1.55 1.00
HEB 39.45 2.00 1.00
HEB 12.05 5.75 1.87
HEB 2.80 1.96 3.70
LEB 21.80 3.00 1.00
LEB 15.13 1.00 1.00
LEB 12.29 1.30 1.00
LEB 10.06 3.30 1.00
LEB 3.30 4.30 1.90

Table 4-20. Hit rates and (photon + electron) energy deposited near the IP.

LEB LEB HEB HEB
Location rate energy deposit rate energy deposit
(hits/us) (GeV/us) (hits/us) (GeV/us)
+x beam pipe 0.007 0.002 0.074 0.296
—x beam pipe 0.207 0.350 0.0009 0.0003
"LEB mask 0.936 0.671 0.157 1.052
HEB mask 0.288 0.731 1.155 6.922

horizontal plane, this approach gives a reasonably accurate model of the masking and
detector geometry.

Because the actual layout of the IR and the corresponding model used by DECAY
TURTLE are not cylindrically symmetric about the z-axis, some procedure for mapping
DECAY TURTLE rays to the OBJEGS geometry must be defined. We do this by
making the DECAY TURTLE geometry closely follow the EGS geometry in the x-z
plane. Masks in DECAY TURTLE are infinite planes perpendicular to the beam axis,
with elliptical holes that define their aperture. Hits on the DECAY TURTLE planes are
tracked backwards in the OBJEGS geometry until their entrance point is found. An
example of this mapping procedure is given in Fig. 4-70.

The EGS calculation determines the number of photons and electrons entering, and
the energy deposited in, each object. Electrons are counted each time they loop through
an object in the solenoid field. For this reason, the drift chamber is divided into a series
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Fig. 4-66. Trajectories of off-energy electrons from soft bremsstrahlung
interactions with upstream masking that strike (a) the +x side (side with the LEB
synchrotron mask) for the HEB and (b) the —x side for the LEB. The vertical scale
gives the distance from the nominal beam trajectory in mm, and the horizontal
scale gives the distance from the IP in meters. Note that it is not possible to
eliminate rays that remain within the beam-stay-clear aperture (see caption to

- Fig. 4-65).
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Fig. 4-67. Energy incident on the bare beam pipe as function of the distance from
the IP at which the parent beam particle interacted, (a) HEB and (b) LEB. These
results are normalized to a beamline pressure of 1 nTorr.
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Fig. 4-68. Overview of OBJEGS geometry (corresponding to the LEB synchrotron
mask version) used to model the detector and IR optics for the EGS simulations.

of thin cylinders (“scoring layers”) so that the number of electron crossings at each radius
is counted accurately. Electrons produced by photons in the gas are scored when they
subsequently enter a new object (such as a drift chamber scoring layer). For purposes of
estimating occupancies, multiple hits closer together than the nominal detector resolution
are counted only once.

EGS returns the average energy deposited (E, in MeV) in each device per ray incident
on the IP. This can be turned into the radiation dose (D, in rads/yr) using the relationship

D=(E/IM)x NxF ‘ (4-1)

where N is the number of rays that would be incident in a standard operating year (107 s),
M is the mass of the device in kilograms, and F (= 1.60 x 10-11) is the conversion factor
from MeV/kg to rads. Equation 4-1 yields the expected average dose values, which are
tabulated, along with the detector limits, in Table 4-21. (Aside from a very small region
of silicon layer 1, less than 1% of its solid angle, the difference between the average and
peak dose is about a factor of 3.)
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Fig. 4-69. (a) Magnified view of geometry used to model the +x (LEB synchrotron
mask) side of the detector and IP; (b) magnified view of geometry used to model the
-x (HEB synchrotron mask) side of the detector and IP.
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Fig. 4-70. Illustration of DECAY TURTLE to OBJEGS mapping. Lines show
how much each ray was moved by the mapping from the point it hit a DECAY
TURTLE mask to where it entered the OBJEGS element (see text).

The radiation damage analysis for the drift chamber is somewhat more complex. The
appropriate quantity for estimating radiation damage is C/cm. We estimate the average
charge per cm deposited on a wire in a year, O, as follows

0 = XL Vo] “2

where E is the average energy deposited in the chamber per incident ray, G is the gain
(2 x 109), e is the electron charge (1.602 x 10-19 C), E; is the energy needed to create an
ion-pair (30 eV), N is the number of rays incident in a standard operating year, Ly is the
length of a signal wire, and Ny, is the number of wires. The factor k corrects for charge
deposited in the gas due to electrons created by photons interacting in the wires; it is
needed because the effect of the wires themselves is not included explicitly in the EGS
simulation. Charge deposited in the wires is not included because, if it is deposited in a
signal wire, it does not get amplified (no gas multiplication) and, if it is deposited in a
field wire, it does not get collected.

A Monte Carlo integration technique is used to compute k by determining the average
interaction cross section for the photon spectrum incident on the drift chamber as
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Table 4-21. Annual radiation dose in silicon vertex detector, drift chamber, and CsI

calorimeter.

Device Average dose Acceptable limit2 ~ Safety factor
(krad/yr) (krad/yr)

Silicon layer 1 10 200 20
Silicon layer 2 33 200 60
Silicon layer 3 0.8 200 250
CslI calorimeter (first 2 cm) 0.009 20 2200
Drift chamber 0.001b 0.1b 100
aFor five-year operating life.
bClemyyr.

determined by EGS. We find x = 1.3, which yields a charge deposition of Q@ = 1.1 x
10-3 C/cm/yr on an average wire. Some wires will receive more than the average dose
due to the nonuniform distribution of background hits. There are three factors that
concentrate the charge deposition compared with the average value:

* Peakingin ¢ (x2)
* Limited z range (x 1.3)
* Inner wire-plane radius vs average chamber radius (x 1.5)

There is no evidence of ¢-z correlations in the simulations. However, the z distribution,
though not peaked, only fills about three-quarters of the available range. Applying the
above corrections, the worst wire receives about 0.004 C/cm/yr near ¢ = 0. This is well
below the allowed limit of 0.1 C/cm/yr.

Occupancies in the vertex detector, the calorimeter and the drift chamber are
summarized in Table 4-22 in terms of the average number of hits per microsecond. The
definition of a “hit” depends on the device being considered: '

* For the silicon, a hit is defined as one or more electrons in a 50-um longitudinal
strip

* For the drift chamber, a hit is one or more electrons in a 1.9-cm-wide wire cell (the
approximate cell size envisioned for the detector)

* For the calorimeter, a hit correspbnds to depositing more than 10 MeV in a 5 cm x
5 cm Csl crystal

Based on the above results, we find that occupancy and radiation dose are well within
acceptable limits for the silicon detector, the drift chamber, and the CsI calorimeter. It is
worth noting here that vertex detectors based on silicon PIN-diode arrays (pixels) lead to
more relaxed requirements for the accelerator. Due solely to geometry, for example, the
occupancy limit can be increased to a few hundred particles/cm? per microsecond.

139



COLLIDER DESIGN

Table 4-22. Occupancy in selected detector elements.

Device ' Average hits No. of Occupancy
' per us channels limita
Silicon 1 6 7000 140
Silicon 2 6 13,000 260
Silicon 3 4 18,000 360
Drift chamber (per layer) 04 70-300 7-30
Calorimeter 0.8 8000 80

aLimit is 2% per strip for silicon, 1% for calorimeter, 10% for drift chamber.

4.2.4 Detector Backgrounds from Bremsstrahlung at the IP

If radiation is produced when a particle in one beam scatters off a particle in the other
beam, a process referred to as radiative Bhabha scattering, a particle with an energy much
less than the nominal beam energy can result. Such low-energy particles can then be
swept into the beam pipe inside the detector and contribute to the background in various
detector elements. This process is similar to beam-gas bremsstrahlung, except that it
occurs solely at the IP rather than being distributed throughout the beamline. For such
events, the rate is proportional to luminosity (as opposed to the proportionality to the
product of beam current and gas pressure that characterizes the beam-gas bremsstrahlung
rate). We calculate the effects of the radiative Bhabha events using the same tools as for
the bremsstrahlung events, that is, DECAY TURTLE is used to find where the particles
hit inside the beam pipe, and OBJEGS is then used to generate the showers and to trace
the shower debris into the detector elements themselves. _ .
The general features of the radiative Bhabha process can be summarized as follows:

* The rate is large—at the design luminosity, the IP bremsstrahlung rate is roughly
equivalent to the beam-gas bremsstrahlung rate in 3000 m of N5 at 1 nTorr.

* Degraded particles with an energy less than about 1.5-2 GeV hit the beam pipe
inside the detector, that is, within about 1.5 m of the IP. Higher-energy particles
tend to hit farther from the IP. Particles hitting the end of B1 nearer the IP have
very low energies; as they leave the IP they spiral around the 1-T field lines of the
detector solenoid. When they enter B1, they see an overall 1.25-T field (the vector
sum of the solenoidal field from the detector and the B1 dipole field), inclined at
37° to the horizontal, which guides them into the beam pipe wall.

* Because the generated showers are proportional to energy, the background source
term increases with distance away from the IP. However, here the beam pipe is
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better shielded and, in addition, the showers are directed away from the unshielded
IP region.

 Rates from the HEB and the LEB are similar. Compared with the HEB, the LEB
needs to radiate less energy to reach 1.5-2 GeV. Although, on average, the LEB
particles have less energy, and hence smaller showers, these particles hit the beam
pipe with larger angles and so penetrate somewhat more easily.

* The angular distribution of the degraded beam particles is not much wider than the
natural angular spread of the beam, so we neglect the increase.

The main source of detector background comes from shower photons (with energies
near the minimum of the absorption cross section) that interact via Compton scattering in
the central drift chamber (CDC). The average photon energy is about 1.5 MeV, and
about 95% of the photons have energies less than 5 MeV. These photons are not
uniformly distributed but are concentrated in azimuth on the side where the degraded
beam particles hit, and in z toward the ends of the chamber. Due to the concentration in
z, the radiative Bhabha process does not contribute significantly to background in the
silicon detectors.

The average energy of the Compton recoil electrons is about half the energy of the
photons. These electrons typically spiral around the field lines of the solenoid; some
range out, but some have ranges larger.than the CDC size. The concentration of energy
deposition in the CDC follows the initial photon concentration in azimuth, but the initial
concentration in z tends to wash out.

For the actual calculation of the background rate in the CDC, radiative events from
the HEB were generated at the IP in DECAY TURTLE and transported through the
nearby HEB optical elements (B1 and Q1). Blinov [1988] gives the cross section for the
radiative Bhabha process for the case where the minimum momentum transfer is limited
by the size of the Gaussian beam.

Masks representing the beam pipe were placed at various z locations and the number
of radiated particles hitting the masks was recorded, along with the particle energies and
horizontal angles. Smooth fits were made to these distributions and the fits were then
used to generate input rays for OBJEGS. To decrease the amount of computer time
necessary to get reasonable statistics for energy deposition in the CDC, two techniques
were used. First, energy deposition was scored in a layer 20 cm thick, whereas an actual
cell is less than 2 cm thick. Second, we made use of a preliminary run in which photons
were scored entering the inner wall of the CDC; these photons were then used repeatedly
as input rays for a second calculation in order to accumulate photon interactions in the
CDC gas.

The result for the HEB is 0.06 MeV/us absorbed in the CDC, over its full 300-cm

‘length, in the radial region between 20 and 40 cm. In a cell of 2.3 cm? transverse area,
centered at 21 cm radius, the energy absorption rate is 0.174 eV/us per cm of wire length.
To correct for photon interactions in the wires, we increase the energy absorption by
30%, as discussed in Section 4.2.3. We calculate the average charge per cm deposited in
the wires using Eq. 4-2, which yields a value of 0.002 C/cm/yr. Equivalent calculations
for the LEB yield a similar value. Next we combine the HEB and LEB contributions,
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taking account of the nonuniform distributions in ¢ and z to arrive at the maximum value
of the aging parameter. Here we assume that the HEB and LEB distributions are the
same. We also take the ¢ and z distributions to be independent, consistent with the
OBIJEGS results. ,

In ¢, the maximum deposition is 3.1 times the average and the minimum is 0.4 times
the average. In z we take 1.5 and 0.5 as the maximum and minimum factors for the
distribution of energy deposition. (This is much smoother than the photon distribution,
for which the factors are 4 and 0.) For the two beams, the ¢ peaks are on opposite sides
of the CDC and the z peaks are at opposite ends. Taking the overall ¢-z peaking factor as
5, the final result is a maximum charge deposition of 0.009 C/cm/yr, or about a factor of
11 below our maximum acceptable level of 0.5 C/cm over a five-year operating lifetime.

We conclude that this background mechanism is at an acceptably low level without
any increase in beam pipe shielding. For completeness, we also examined the elastic
Bhabha scattering process. We find that it contributes background levels much smaller
than the other processes we have considered, and thus conclude that it is not an issue.

4.2.5 Summary

The PEP-II lattice and masking designs produce detector synchrotron radiation
backgrounds that are more than 84 times below the specified limits for radiation damage
and detector occupancy. The design allows most of the synchrotron radiation to pass
through the IR without striking any nearby surfaces. Backgrounds are insensitive to the
beam-particle distribution at large amplitudes, making the design insensitive to details of
the beam-beam interaction. The primary masks, labeled HEB and LEB in Fig. 4-46,
shield the detector beam pipe from direct synchrotron radiation. Detector backgrounds
result from photons that scatter through the tips of these masks. A careful analysis of tip-
scattered photons using a realistic (rounded) tip edge shows that the background levels
are essentially the same as those of a mask with a perfect tip. Sources of synchrotron
radiation farther upstream (beyond 5 m) were also investigated. These sources do not
increase detector occupancy or radiation damage. A substantial amount of synchrotron
radiation power strikes surfaces downstream of the IP. Photons that backscatter from
these surfaces were studied and found not to contribute to detector background levels.
The sensitivity of detector backgrounds to reasonable beam misalignments (1 mm) is
small (about a factor of two).

We made an exhaustive study of all radiation fans generated near the IP. Care was
taken to ensure that all of this miscellaneous synchrotron radiation does not increase
detector backgrounds. About 80% of the 70 kW of power is absorbed in downstream
dumps far from the IP. This causes no increase in detector backgrounds, either from
backscattered synchrotron radiation photons or from beam-gas interactions. To verify
that the present IR design is compatible with a By* = 3 cm configuration for the HER,
backgrounds were also examined for that case. All the results reported here remain the
same, except that the backgrounds and synchrotron radiation power values associated
with the HEB increase by a factor of 1.5 (that is, they scale with the beam current), which
is not of concern. As noted earlier, the thermal designs for the IR masks reported in
Section 5.2.7 are based on the higher-current case to ensure a conservative solution.
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A detailed study of lost-particle backgrounds in the detector was also carried out to
simulate the detector backgrounds due to beam-gas interactions at PEP-II. All devices
are found to be well within acceptable limits for both average radiation damage and
average occupancy, having typical safety factors relative to conservative limits of more
than 20 for a five-year operating life. We have also examined the effects of the radiative
Bhabha process and find it gives acceptably low backgrounds.

4.3 COLLECTIVE EFFECTS

In Chapter 3 we discussed the alternatives that might be considered in the design of a
high-luminosity B factory, and indicated the reasons for the choices we have made for
PEP-II. The lattice design presented in Section 4.1 is based on these choices. Having
fixed these parameters, it is necessary to investigate the influence of the various intensity-
dependent effects on the actual performance of the accelerator.

The main parameters we must achieve in PEP-II include:

* Beam energies of 9 GeV (HER) and 3.1 GeV (LER)

e Beam currents of 0.99 A (HER) and 2.14 A (LER)

Bunch length of 1 cm

* Beam emittances of approximately 50 nm-rad (HER) and 66 nm-rad (LER)

* Beam energy spread of og/E <1 x 1073

In terms of collective effects, the dominant issue is the relatively high beam current
that must be supported in each ring. As was discussed briefly in Chapter 3, and as will be
covered in more detail in Section 4.4, this constraint is associated mainly with the fact
that the beam-beam tune shift parameter is taken to be a design limit, which means that
the high luminosity must come mainly from the combined benefits of low beta functions
and high currents.

A beam circulating in a storage ring interacts -with its surroundings
electromagnetically by inducing image currents in the walls of the vacuum chamber and
other “visible” structures, such as beam position monitor (BPM) electrodes, kickers, RF
cavities, bellows, valves, etc. This interaction leads, in turn, to time-varying
electromagnetic fields that act on the beam and can give rise to instabilities. In most
electron-positron colliders, single-bunch effects are the primary concern. The current
threshold for these effects is defined by the ring impedance at high frequencies,
f>8 GHz, which correspond to wavelengths A comparable to or less than the bunch
length, say, A < 40;,.

The issues with which we must deal for PEP-II fall into the broad categories of
single-bunch and multibunch phenomena. Single-bunch phenomena include:

* Longitudinal and transverse single-bunch instabilities
e Beam loss from intrabeam (Touschek) scattering

* Beam loss from beam-beam (Bhabha) scéttering

* Higher-order-mode (HOM) heating
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Beam-gas scattering, though actually a single-particle effect, can be included in this
category, as can the phenomenon of ion trapping in the electron beam.

For the PEP-II, however, the main concern is from coupled-bunch instabilities, where
different bunches “communicate” through the narrow-band (high-Q) ring impedances.
That is, wakefields deposited in various high-Q resonant objects can influence the motion
of following bunches and can cause the motion to become unstable if the beam currents
are too high. To effectively couple the bunch motion, HOMs must have a damping time
T = 2Q/w longer than the bunch spacing sp/c. For modes with Q < 100, this restricts the
frequencies f <8 GHz. The frequency limit is lower for smaller Q. This effect is one of
the most serious issues for the PEP-II design.

For PEP-II, we have opted for a situation in which the nominal beam currents of
0.99 A in the HER and 2.14 A in the LER are distributed in many (1658) bunches. Our
reasoning is as follows: The multibunch instabilities are mainly driven by the total beam
current, with little regard to how it is distributed in the ring. That is, once the bunch
separation is small enough for bunches to fully see wakefields left by preceding bunches,
the growth rates are independent of the details of the bunch pattern. Thus, if a high beam
current is needed, coupled-bunch instabilities become almost unavoidable. If we choose
a relatively small number of bunches to make up the high current, we do little to improve
the situation with regard to coupled-bunch instabilities and simply make the single-bunch
phenomena harder to manage—in effect requiring the accelerator designers to wage a
two-front war. (This usually translates into impedance requirements for the ring that are
difficult to meet.) It is true, of course, that the bandwidth requirement of a feedback
system to deal with coupled-bunch motion is eased if the bunch spacing increases.
However, we do not feel that this is a major limitation (see Section 5.6 for details), and it
should not dominate the design decisions.

Given our decision to utilize many bunches, the parameters of the single bunches
(emittances, bunch length, intensity) are not unusual—they are in the parameter regime in
which PEP and many other colliders have run successfully for many years. This, in turn,
means that heroic efforts at impedance reduction are not required to avoid problems with
single-bunch effects. .

4.3.1 Single-Bunch Issues

In this section, we focus on the issues of single-bunch instability thresholds, beam
lifetime, and heating of the chamber due to parasitic HOM losses. We also discuss the
issue of ion trapping and the means available to avoid or eliminate it. Before beginning,
we digress briefly to define the beam impedances that drive the various instabilities.

4.3.1.1 Impedances. Beam instabilities can occur in either the longitudinal or transverse
phase planes. Longitudinal instabilities are driven by voltages induced via interactions of
the beam with'its environment. The strength of the interaction can be characterized by
the ring impedance Z,(w), in ohms, which is defined by

V||(CO) = —-Z"(a)) Ib(w) (4-3)
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where Vi(w) is the longitudinal voltage induced in the beam per turn arising from a
modulation of the beam current I;(w) at some particular angular frequency .

Transverse instabilities arise from the transverse dipole wakefield, which gives a
force that increases linearly with transverse distance from the electromagnetic center of
the vacuum chamber and is antisymmetric in sign about that center. The transverse
impedance (in £2/m) is defined by

2rR
—lf FJ_(w,S)dS
0

Z(w) = (4-4)
eAlyw)

where F| is the transverse force, integrated over one turn, experienced by a charge e
having transverse displacement A. Explicitly, F is given by

F, =¢0(Eg+B,) + ¢*(E,—By) (4-5)

In a typical storage ring, the impedance seen by the beam can be loosely characterized
as being either broadband or narrow-band. Sharp discontinuities in the vacuum chamber
act as local sources of wakefields. These fields have a short time duration, which means
that they include many frequency components, and we refer to the corresponding
impedance as broadband. ’

The main contribution to the narrow-band impedance comes from the RF cavities.
The approach we have adopted for PEP-II, using a small number of damped RF cavities,
serves to substantially reduce the narrow-band impedance. Calculations and
measurements with a prototype low-power cavity (see Section 5.5) have confirmed that
the strongest HOMs of the damped cavities can be reduced to Q < 70 without degradation
of the fundamental mode. For the impedance estimates we use results of the code
URMEL from Corlett [1992], which are in good agreement with the measured HOM
spectrum [Byrd, 1993] given in Table 4-23. ,

The narrow-band longitudinal impedance of a cavity for low frequencies @ < @,
may-be described as the sum over the modes

i 1 1 -
Aa)=i 2. ki [(w = @)+ (@20,) | (@ + o)+ i(anm)} o

For high frequencies @ > wy,,,, 2 broadband high-frequency tail should be added. We
can express the overall impedance as a series expansion over Y@:

ﬂa)):—il‘c—az’—+Rw‘f5+RQ+(l+i)anv4/% +oe 4-7)

where the first term describes an inductive impedance, the second term represents the
resistive-wall impedance, the third term corresponds to a constant resistivity, and the last
describes the high-frequency impedance tail of the RF cavities. This part of the
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Table 4-23. Monopole modes below cutoff.

f ky R/Q Q0
(MHz) (V/pC) Q)

476 0.1694 1132 30000

758 0107 4497 28
1016 0.000 0.006 246
1285 0.031 7.68 66
1296 0.027 6.57 907
1588 0.025 5.06 178
1821 0.000 0.06 295
2109 0.023 3.52 233
2168 0.000 0.01 201
2253 0.008 121 500

impedance rolls off as @~1/2, in accordance with simulations and the D6me-Lawson
analytic result for a pillbox cavity with attached beam tubes.

The “shunt impedance” of a mode, R,, gives the peak value of Re Z(w) at the
resonance. The loss factor of a mode is related to R/Q by

k= @ R -
= 4(g o
The total loss factor is given by a convolution of the impedance with the bunch spectrum
p(w);

o & f ZopHac) do @-9)

According to TBCI, a reentrant RF cavity with the dimensions shown in Fig. 5-93 has a
loss factor k; = 0.515 V/pC.

The parameter Z,, can be defined by comparing the total loss calculated from
Egs. 4-6 to 4-8 with that given by TBCI. The parameter wy,,, is somewhat arbitrary, in
the sense that results are not sensitive to its value. For f;,,, = 1260 MHz, Z_,, = 5.31 kQ.

RF Cavity. The wakefield of a cavity with an impedance of the type given by
Egs. 4-6 and 4-7 reproduces the wakefield of a cavity given by TBCI, Fig. 4-71. Indeed,
an impedance of this form is actually a general expression that satisfies the conditions of
causality and has the correct analytic properties.
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Fig. 4-71. Wakefield of PEP-II RF cavity calculated with TBCI.

The low-frequency limit @ « @, of the narrow-band impedance (Eq. 4-6) is inductive;
that is, as @ > 0,

Zw) —-ilQ (4-10)
c2
where
e o

(The sum in Eq. 4-11 should not include the fundamental mode of the cavity.) Note that
the ratio (Z/n), in this limit is independent of frequency and often is used as a single
parameter describing the impedance. In our case, (Z/n), = 9.3 mSQ2 for one RF cavity.

At high frequencies, the narrow-band impedance is capacitive. It rolls off as w2 and
is thus small compared with the high-frequency tail given by Eq. 4-7, which is the
quantity relevant for single-bunch stability:

Zn) _ (1 4 i) Zeav
T—(l+l);§/?. (4'12)

With Z_,, and (Z/n) as given above, this can be written as

2 (1.+8), (o] @13)
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where bog = 4.96 cm. At the bunch frequencies w/c - 1/0y, this is very close to the
SPEAR-scaling relationship

1.68
Zin o -"i) (4-14)
b
where b is taken as an effective beam-pipe radius.
The impedance of the cavities (Eq. 4-12) rolls off as n~3/2 and is thus small at high
frequencies. Other components of the impedance, such as the resistive-wall impedance

where § is the skin depth, and the inductive impedance of the ring, Z/n = —iL/c2, roll off
more slowly and may become important in this high-frequency limit.

Resistive Wall. The PEP-II beam pipe is copper with a roughly elliptical cross section
having half-axes of dimension 4.5 x 2.5 cm in the arcs (total length 6 x 243.2 m) and
round stainless-steel pipe with radius 4.6 cm in the straight sections (total length
6 x 123.4 m). The average resistive-wall impedance is [J. Corlett, 1992]

G002 w9

The change in conductivity going from copper to stainless steel produces some additional
impedance that can be described as a change of the beam-pipe radius by a skin depth of
the stainless-steel pipe, 8gs. This results in an impedance

= Z 0 i
z=205% 4-17)

which is negligibly small.

At the bunch frequencies n = R/0, = 3.5 x 104, the resistive-wall impedance is larger
than the total impedance of 10 RF cavities by a factor of 1.5, whereas at the bunch
spacing frequencies n = sg/0, = 120, it is smaller by a factor of 5.5 x 10-3. Because
Eq. 4-16 scales as 0,12, we might expect that SPEAR-scaling will not be valid for the
short PEP-II bunches.

The rest of the impedance comes from the many small impedance-generating
elements of the ring. A list of some of these elements is given in Table 4-24 for a half-
sextant of the ring.

Miscellaneous Elements. The stainless-steel vacuum pipe in the straight sections is
connected by two tapers per sextant, or 12 tapers per ring, to the octagonal copper tubes
in the arcs. The beam pipe is separated from the vacuum DIP chamber by a slotted 5-
mm-thick screen. There are six rows of longitudinal slots in the wall with 10 slots per
meter, each slot 9 cm long and 0.2 cm wide. The total number of slots in the HER is
about 60,000. Each cell has a shielded bellows at each quadrupole. There are also two
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Table 4-24. Average number of the impedance-generating
elements in a half-sextant (1/12) of the high-energy ring.

Compohent A Number of items
Flanges 60
BPMs 12

Vacuum ports 24

Bellows 24

Valves 1

Tapers 1

Slots of DIP screen 3000

vacuum ports per cell at each quadrupole for the lumped vacuum pumps. A 4-button
design has been chosen for the BPM, with a button diameter of 1 cm and a 1-mm groove
around each button. There are 18 valves in the HER (two valves per sextant at the ends
of the arc sections, two valves in each RF section, and two valves in the interaction
region). For the impedance estimate, flanges are taken simply as shallow grooves.
Additional impedance-generating elements, not included in Table 4-24, include three
kickers for the feedback system, several collimators, the injection port, and the various
masks in the IR. Some special elements such as diagnostic devices, which are not
considered at the present time, may be added later. These will not have a noticeable
effect on the total impedance. Details on the vacuum chamber hardware may be found in
Section 5.2. We note here that special efforts have been made in designing elements of
the vacuum system to have minimum impedance by using shielded bellows, by tapering
all shape transitions, by screening the vacuum ports and the pumps, etc.

The impedance of the ring may be estimated as the sum of the impedances of the
individual elements. (Any cross-talk between elements tends to decrease the total
impedance, making such an estimate conservative.) Most of these elements are
discontinuities having resonant frequencies much higher than the frequencies within the
bunch spectrum. They give rise, therefore, to a predominantly inductive impedance.
This was confirmed by calculating wakefields of these elements with the code TBCI. For
example, the wakefield of a shielded bellows, modeled as several shallow tapers, made up
from a synchrotron mask and sliding contacts, is shown in Fig. 4-72. The wakefield of a
oz = 1 cm bunch behaves like the derivative of the bunch density, as is typical for an
inductive impedance. The maximum value of the wakefield, W,,,, is related to the
inductance L of the bellows by

Winax = ﬁ_— (4-18)
g YiTte
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Fig. 4-72. Wakefield of PEP-1I shielded bellows calculated with TBCI.

TBCI gives W, = 0.0121 cm™1, which correspond to an inductance L= 0.05 cm per
~ bellows. Additional impedance is generated by the slots between the sliding fingers of
the bellows. The impedance of a rectangular slot having a width w has been found
analytically [Kurennoy, 1991] to be

4n)__i Zy w3 (419
n 34x2 Rp?
The total contribution of the 24 slots per bellows, averaged over the azimuth of b, 2.5 <
b<4.5cm,is L=6x 103 cm. The total inductance of a bellows is 5.6 x 10~2 cm, or

Zo 30(1%) =-i14x102Q (4-20)

for 288 bellows in the ring.

For purely inductive elements, the loss factor is zero. Indeed, the loss factor of a
bellows given by TBCI is small, k; = 2.2 x 10-3 V/pC per bellows, and strongly depends
on the bunch length. We take this loss into account as a constant resistance that would
give the same loss

Zy0oy
R —— Kk = 67.4 Q/ri 4-
a==h 67.4 Q/ring (4-21)

The loss factor of a hole is a second-order effect (proportional to w3 and completely
negligible). Measurements of the loss factor of a 6-in. PEP valve gave k; = 0.006 V/pC,
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which corresponds to R = 8.5 Q per ring. The loss at PEP-II may be higher by v2 due to
its shorter bunch length. We can similarly estimate the impedance of the vacuum ports,
shielded by ten 14 x 0.2 cm slots, giving Z/n = 5 x 105 Q for 24 ports in the ring.)

The DIP screen slots can be modeled in the same way, giving a total contribution per
ring of Z/n = -i 0.03 Q. ’ :

For an impedance estimate, a flange can be modeled as a shallow cavity with inner
and outer radii a, b, where b — a « a. For small gaps, g « a, the inductance [Bane, 1988]
is

b- “) (4-22)

L=2g( =

If we take a = 3 cm for the inner radius, b = a + 0.1 cm for the outer radius, and a cavity
gap of 0.25 mm, then Z/n =—il.1 x 10-3 Q for one ring. TBCI gives the loss factor for
such a cavity as k; = 2.46 x 10-5 V/pC. The total contribution of the 576 flanges in one
ring is k; = 0.018 V/pC.

The impedance of a taper scales with the angle as Y26/7. The angle of the taper
should be small compared with the ratio 0/b. We chose 10° tapers. Modeling the
transitions between straight sections and arcs together as a pair of tapers (the first a taper
out, the second a taper in) has also been considered. This approach gives a more realistic
result than simply adding the losses of two tapers independently. The loss of a pair of
tapers calculated for the azimuthally symmetric pair and then multiplied by the azimuthal .
filling factor 4.5/(4.5 + 2.5) = 0.643 is k; = 2.0 x 102 V/pC. That gives k; =0.125 V/pC
for 12 tapers in a ring, corresponding to Rg = 29.5 Q. The s-dependence of the wakefield
corresponds to that of an inductive impedance and is similar to the wakefield of a bellows
with Wy, =0.348 V/pC. The inductance of the 12 tapers is L = 11.46 cm and gives

Im[gr:-l—)]=l.2x10‘2§2

Some elements of the ring, such as feedback kickers and BPMs, have low-Q -
resonances at high frequencies, of the order of 10 GHz, that give an inductive tail at the
bunch frequencies. Measurements of the beam impedance of a button electrode [Jacob
et al., 1989] show resonances as summarized in Table 4-25. The low-frequency limit
given by these modes, calculated from Eq. 4-11, is

Z\ -V (R} @& -
B3 g8 =
which gives (Z/n) =1.9x 10-7 Q per button. For 144 four-button BPMs, the total
impedance is (Z/n)y = 1.1 x 104 Q. The peak impedance at the resonance frequency of
3.3 GHz is Z/n=2.47 x 10-6 Q per button, or Z/n = 1.42 x 103 Q per ring. This is
completely negligible in comparison with, say, the resistive-wall impedance, which is
Z/n=1.36 x 10-2 Q at the bunch frequency w= c/0y or n = R/0;. Hence, the resonant
contribution of the BPMs can be neglected. The impedance of the BPMs, therefore, may
be described as purely inductive. The inductance could alternatively be estimated by
considering a number of holes with a diameter w = 1 mm equal to the diameter of the
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Table 4-25. Resonances of a bu;ton

electrode.
f : o R,
(GHz) (€)
33 17 0.06
16.2 470 0.72
18.3 110 0.46

BPM gap and a total surface area equal to the surface area of the gap. Impedance of such

a hole is

giving (Z/n) =i 1.3 x 104 Q for 144 BPMs. We take this more conservative estimate
for the contribution to the total impedance budget.

The total loss factor of the 144 BPMs in the ring due to the resonant modes is
ky =0.20 V/pC. It should be mentioned that the contribution of the original PEP BPMs to
the loss factor was found to be below the accuracy of the measurements.

The impedance of the three kickers for the longitudinal feedback system can be
described [Corlett, 1992] as a Q = 7 resonance at f= 16.2 GHz, with a shunt impedance -
of R = 170 . Other modes have parameters given by the sum of the resonant modes
listed in Table 4-26. The total loss factor of the feedback system is k; = 2.15 V/pC, and,
for comparison, the low-frequency limit is (Z/n) = 3.4 x 10-3 Q.

Coherent synchrotron radiation may produce at its maximum value a noticeable
impedance:

(Zn)max = 300 (%) =0.04Q (4-25)
Table 4-26. HOM modes of the PEP-II
longitudinal feedback kickers.

f R/IQ

(GHz) (9))

2.6 9.3

3.1 22

3.3 3.5

5.0 1.8
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However, the threshold frequency is very high

2, - (-

and the effect is suppressed exponentially.

The IR within £80 cm from the IP has been described as a three-dimensional system
of tapers and the impedance has been estimated using TBCI with proper azimuthal
averaging. The wakefield found by TBCI corresponds to an inductive impedance with
Whax = 0.62 V/pC, giving an inductance of L =2 cm and an impedance of Z/n = 1.8 x
10-3 Q. The loss factor of this portion of the IR is k; = 0.059 V/pC or Rg = 12.5 Q.

The impedance of crotches and the injection port must be similar to the impedance of
the septa in the SLC damping rings; these have been investigated with MAFIA by Bane
[1988] and shown to give an inductive impedance with L = 2 cm.

Fabrication errors and misalignments of the sections of the vacuum pipe can give
additional impedance. For example, the misalignment A of two adjacent sections of beam
pipe with a radius b results in a real impedance (Zy/7)(A/b) and a reactive impedance with
inductance L =6A%/b. Five hundred joints with A=1mm and b =35 cm give an
additional inductance of L = 6 cm, or (Z/n)y = 0.005 Q. Tilting of the slots in the DIP
screen by an angle 6 with respect with the beam plane increases the impedance of a slot
of length [ and width w by a factor of [1 + (I/w)8]. This defines the tolerance of the tilt
angle 8 < w/l = 22 mrad, which does not give substantial fabrication problems.

The total impedance of the ring is the sum of the impedance of the cavities (Egs. 4-6
and 4-7), the resistive wall (Eq. 4-16), the constant resistance R, representing losses in
the mostly inductive components, and the inductive impedance —i(Z/n),. Contributions of
the individual elements to the total inductive impedance (Z/n), are given in Table 4-27.

- With a “contingency” Z(n)/n =0.024 Q for the collimators, the total inductive
impedance is Z(n)/n = 0.10 Q.

The total longitudinal wake function can be calculated from the longitudinal

impedance. It is shown in Fig. 4-73.

Transverse Impedance. The transverse impedance may be estimated as

_ &
Z = —a—gz— (4-26)
It rolls off with frequency faster than does the longitudinal impedance and is maximum at
frequencies close to the cutoff frequency = ¢/b.

4.3.1.2 Longitudinal Microwave Instability. The first instability we consider is the
longitudinal microwave instability, sometimes referred to as turbulent bunch lengthening.
This instability, which has been seen in numerous proton and electron storage rings, is
not a “fatal” instability, in the sense that it does not lead to beam loss. Instead, the
instability causes an increase in both the bunch length and the momentum spread of a
bunched beam. Its threshold (peak) current is given by
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Table 4-27. The PEP-II inductive impedance budget.

Component Impedance
()
BPMs 1.3x10-5
Vacuum ports 5x10-5
Bellows 1.4 x 102
Flanges 1x10-3
Valves 6x10-3
Tapers 1.6 x 102
DIP screen 3x102
Feedback system 3.5x10-3
Interaction region 2x10-3
Injection, crotches 3.6x103
Total 0.076

400

200

Total wake function, W (s)
o

b
8

-400

25-23 12:10

s/og 7379A287

Fig. 4-73. Total longitudinal wakefield for PEP-II HER.
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_ 2x|n| (Ele) (Boy)’
Z
n

I (4-27)

eff

where 1Z,/n | is the effective broadband impedance of the ring and 7 = o — 1/92 is the
phase-slip factor.

The average bunch current of the LER, 1.3 mA, corresponds to a 113-A peak current
for a Gaussian bunch with 6, =1 cm. For the LER parameters, & = 1.31 x 10-3,
O, = (0p/P)rms = 8 x 104, and E = 3.1 GeV, stability requires |Z/n1<0.144 Q.

The effective impedance in Eq. 4-27 is defined as the impedance averaged over the
bunch spectrum. For short bunches, for which the spectrum is wide compared with the
frequency range of the impedance, the relevant parameter is

_1{Z(nyin] p2(n) dn

4| _
eff Ip%(n) dn

n

(4-28)

The main contribution to this integral comes from low frequencies, which are
irrelevant to single-bunch stability. Therefore, to properly estimate the effective
impedance for single-bunch stability, the integration should be performed starting with
the harmonic number 7, corresponding to a wavelength comparable to or smaller than
the bunch length. Figure 4-74 depicts |Z/nl.¢ and a plot of Re Z(n)/n vs Im Z/n for
different values of n,,. In the left column, n, = 300 and the value of the effective
impedance is of the order of 2 Q. The middle column is for n,, = 3500, which
corresponds to including a maximum wavelength equal to the RF wavelength. The right
column in Fig. 4-74 corresponds to a maximum wavelength of 200,. This limit already
gives acceptable effective impedance. The Z/n at high frequencies is always within the
area of stability allowed by Landau damping. A calculation with n,, = 10500 (or 200;)
gives 1Z(n)/nl = 0.185 Q. It agrees well with the SPEAR-scaling [Chao and Gareyte,
1976] estimate of .

(%)0 (% )1.68 29

with (Z/n), = 2.4 Q for the beam pipe radius b = 4.6 cm. This appears consistent with
PEP bunch lengthening measurements, which can be described with SPEAR scaling and
the parameter (Z/n)y =3 Q. However, SPEAR scaling, which can be expected in the
situation when the impedance is dominated by the RF cavities, i.e., for long bunches, may
be invalid for shorter bunches, as was mentioned above. Figure 4-75 shows the
dependence of the effective impedance on the bunch length.

To estimate the growth from the longitudinal microwave instability, we must assume
a value for the broadband impedance of the ring. For the PEP-II HER, this value—
usually dominated by the RF system in a high-energy storage ring—is expected to be
lower than the value of IZ/ 1, = 3 Q obtained from measurements at PEP [Rivkin, 1987].

The equivalent broadband contribution to the impedance seen by the beam can be
estimated, for a given RF system, following the approach of Zisman et al. [1986].
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Fig. 4-74. (Upper) Plot of real vs imaginary impedance of PEP-II for various
assumptions about n = @y (Lower) Plot of absolute value of Z/n for various
values of low-frequency cutoff n.

Basically, this involves estimating the frequency shift that would be induced in a long
beam bunch by the aggregate of the many cavity HOMs, and then determining the
strength of a Q = 1 broadband resonator that would produce the same effect. That is, we

take
mar = 2 |7 i 2 (%_a%)j @39

HOMs J

Zy Z

n

where R, wg, and Q are the shunt impedance, resonant angular frequency, and quality
factor, respectively, of the jth HOM, and @, is the particle (angular) revolution frequency.
With this approach, we find that the present PEP RF system contributes an equivalent
broadband component of |Z/n| = 0.026 C/cell. Applying the same prescription to the
PEP-II RF cavity (described in Section 5.5) yields an equivalent broadband contribution
of IZ/n| = 0.01 Q for the first few trapped modes.
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Fig. 4-75. Plots of the absolute value of Z/n (left column), the real part of Z/n
(center column) and the imaginary part of Z/n (right column) vs bunch length.

The upper row corresponds to a high cutoff frequency (wavelengths of the order of
the bunch length); the lower row corresponds to a very low cutoff frequency.

A more significant gain is made by producing the required voltage and providing the
required power to the beam (to replenish the losses to synchrotron radiation) with many
fewer RF cells than the 120 used now at PEP. In the design described in Section 5.5, the
voltage is provided by only 20 RF cells in the HER or 10 cells in the LER. This decrease
in the number of cells reduces, by about a factor of six, the broadband impedance in the
ring that stems from the RF system (estimated in PEP to be about two-thirds of the total).
Thus, we expect to reduce the RF contribution to the broadband impedance to about
0.3 Q. Clearly, however, the broadband impedance from the other components in the
beam path (valves, bellows, BPMs, etc.) must contribute to the total seen by the beam,
and there will be additional hardware in the PEP-II rings (for example, feedback kickers)
that will have an effect.

The PEP chamber has a broadband impedance of about 1 Q, and it is prudent, for
now, to take the larger value to account for those impedance-producing components that
have not been considered yet. With this in mind, for simulations with ZAP, which uses
the SPEAR scaling approach (Eq. 4-28), we have adopted a total broadband impedance
1Z/nly = 1.5 Q (half that of PEP), which is consistent with the calculated 1Z/nl ¢ = 0.18 Q
for the average beam pipe radius of 3.3 cm. As we will see, even this fairly conservative
assumption does not lead to any difficulties in the parameter regime in which the PEP-II
rings are designed to operate.
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To maintain bunch lengths in both rings that are short compared with the small §*
value of 1.5 cm in the LER, we adopt an RF voltage in the HER of 18.5 MV. As shown
in Fig. 4-76a, this voltage gives an rms bunch length of 6, = 1 cm at the required single-
bunch current of 0.6 mA. For the LER (see Fig. 4-76b), a 1-cm bunch at the design
- current of 1.3 mA can be obtained with a voltage of 5.9 MV. .

The expected bunch lengthening beyond threshold is shown in Fig. 4-77a for the
HER, based on the threshold formula given in Eq. 4-27. We remain well below the
threshold at the required single-bunch current of 0.6 mA. The situation for the LER is
shown in Fig. 4-77b; again we are well below threshold at the nominal 1.3 mA/bunch
value. The curves in Figs. 4-77a and 4-77b are based on the so-called SPEAR-scaling
ansatz, mentioned earlier. It is worth noting here that we have estimated the natural
momentum spread of the low-energy beam to be 8 x 10—4. This relatively large value is
associated with the significant amounts of “extra” synchrotron radiation (generated in the
wigglers) needed to achieve the proper emittance and to preserve the ability to reach
equal damping decrement if need be.

Because the collider must be able to accommodate some energy variability, we have
also considered the effects of moderate changes from the nominal operating energies of
9 GeV (HER) and 3.1 GeV (LER). In Fig. 4-78, we show the energy dependence of the
microwave threshold current at the specified operating voltages for the two rings. The
steepness of these curves is mainly due to the increase in natural momentum spread with
energy (see Eq. 4-27). The dependence of the threshold current on voltage is shown for
several different energies in Figs. 4-79a (HER) and 4-79b (LER). The preference for
higher voltage is a consequence of the decrease in effective impedance as the bunch
length decreases.

In our calculations we have ignored the effect of potential-well distortion, which—for
short bunches—is predicted to reduce the bunch length; this effect is expected to be
minor.

From these estimates, we conclude that there are no problems associated with the
longitudinal microwave instability, provided the low- frequcncy broadband impedance of
each ring can be kept at or below 1.5 Q.

4.3.1.3 Transverse Mode-Coupling Instability. Because the ring is large, we must also
consider the transverse mode-coupling instability, which is known [Zisman et al., 1988]
to limit the single-bunch current in PEP. This instability arises when the imaginary part
of the transverse impedance Z, couples the frequency of the m = 0 and m = -1
synchrotron sidebands. For long bunches, the threshold is expected to scale as

I, = 4 (Ele) vy 41/_ o
(Im(z)) ﬁJ.)R

(4-31)

where V; is the synchrotron tune, B, is the beta function at the location of the impedance,
and R is the average ring radius. Although the transverse impedance is expected to
decrease for very short bunches [Zisman 1990a], we are operating in a regime where the
mode-coupling threshold is more or less independent of bunch length. For the impedance
presently expected for the HER, a simple scaling from measured PEP data based on
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Fig. 4-76. Plot of (a) HER and (b) LER bunch lengths as a function of RF
voltage. A 1-cm bunch requires Vg = 18.5 MV in the HER and Vyp = 5.9 MV in
the LER.
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Fig. 4-77. Plot of (a) HER and (b) LER bunch lengths as a function of current,
showing the onset of bunch lengthening. Even above threshold, the bunch length
increases only slowly with current.
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Fig. 4-78. Plot of the microwave threshold current in (a) the HER and (b) the LER
as a function of energy, for Vrr = 18.5 MV (HER) and Vg = 5.9 MV (LER). The
required single-bunch currents of 0.6 mA (HER) and 1.3 mA (LER) are below the
instability threshold in this energy range.
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Fig. 4-79. Plot of the microwave threshold current in (a) the HER and (b) the LER
as a function of RF voltage, for several beam energies. For the HER, the threshold
current is well beyond the required 0.6 mA. For the LER, the threshold current
approaches the required operating value of 1.3 mA only for the lowest voltage.
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Eq. 4-31, shown in Table 4-28, suggests that the transverse mode-coupling threshold A
should be somewhat higher for PEP-II than for PEP, even though both the HER and LER
will have a lower beam energy than did PEP. The scaled threshold value for the LER,
about 10 mA/bunch, is well beyond the required single-bunch current of 1.3 mA and
should pose no problem. '

To estimate the transverse mode-coupling threshold in each ring more reliably, we
used the code MOSES [Chin, 1988]. Initially, we considered a Q@ = 1 resonator
impedance having a cutoff frequency of 1 GHz and a transverse impedance of 0.5 M{/m.
The calculations take into account the effect of bunch lengthening at high currents, which
is ignored in the simple scaling arguments presented in Table 4-28. The threshold
currents, corresponding to the crossing of the mode m = 0 and mode m = -1 frequencies,
are 37 mA for the HER (Fig. 4-80a) and 8.8 mA for the LER (Fig. 4-80b), in good
agreement with the scaling estimates.

Because the RF cavities are no longer expected to be the dominant impedance source,
we have also considered the situation in which the transverse impedance comes mainly
from the arc vacuum chamber hardware. In this case, the cutoff frequency for Z,
increases to 1.9 GHz, and the strength of the impedance (weighted by the fraction of the
circumference that consists of arc chambers, roughly 70%) increases to about 1.3 M{¥m.
For these parameters, MOSES predicts the transverse thresholds to be 6.5 mA for the
HER and 2.2 mA for the LER.

Table 4-28. Scaling comparison for transverse mode-coupling threshold.

Low-energy High-energy

ring PEP ring
E [GeV] 3.1 14.5 9.0
By [m] 20 87 20
R[m] 350 350 350
v, [10-2] _ 3.7 4.6 53
Z, MQ/m] 0.5 0.8 0.5
Relative factor? | 1.2 1 5.0
Observed [mA] — 85 —
%Factor = LY

Z,BIR
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Fig. 4-80. Calculation of transverse mode-coupling instability threshold for (a) the
HER, assuming Z ; = 0.5 MSYm and (b) the LER, assuming Z ; = 0.5 MSYm. The
instability sets in when the m = 0 and m = -1 frequencies merge. This calculation
represents a limitation in the horizontal plane; the vertical limitation is lower (see

text).
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4.3 Collective Effects

To put these results in context, we note that the maximum allowable single-bunch
current in the PEP-I rings is 1.8 mA, corresponding to 3 A in 1658 bunches. Thus, the
transverse mode-coupling instability is not expected to limit the performance of PEP-II.

Although the RF cavities are not the dominant contributors to the transverse
impedance, it is still best to “hide” them in a low-beta region of the ring. This should be
more easily accomplished in the PEP-II HER than in PEP, because the total length of RF
structure will be considerably shorter. Indeed, it would be possible, in principle, to adapt
the focusing of the RF straight sections to permit very low beta functions in both planes.

4.3.1.4 Intrabeam Scattering. Although we are considering beams of fairly high
energy, the requirements for relatively short bunches and relatively high peak currents
make emittance growth from intrabeam scattering (IBS) a possible concern. IBS
collisions occur because, in the bunch rest frame, not all particles are moving in the same
direction. In general, the temperatures in the transverse phase planes (x and y) are higher
than in the longitudinal plane. This results in small-angle multiple scattering occurring
mainly in such a way as to transfer momentum from the transverse to the longitudinal
plane. However, in dispersive regions of the lattice, this momentum change results in the
excitation of a betatron oscillation and thus gives rise to an increase in horizontal
emittance.

To be sure this is not a concern, we performed calculations on each of the rings at the
lowest energy now being considered: 7 GeV for the HER and 2.5 GeV for the LER. In
the HER case, our estimates indicate that no growth is expected. In the LER case, the
lower beam energy enhances the IBS growth rates, and the single-bunch current is higher -
than for the high-energy beam, so we might expect an observable growth. However, in
the LER these aspects are compensated by the larger transverse emittance values. Thus,
even here we predict no emittance growth from intrabeam scattering.

4.3.1.5 Beam and Luminosity Lifetime. For a high-energy electron beam, there are
four main processes that lead to beam loss: Touschek and gas scattering for the single
beams, and Bhabha (e*e~ — e*e~) and radiative Bhabha (ete~ — ete—) interactions for
the beams in collision. For single beams at. PEP-II, the first of these effects is not
generally important, but the second one is. For the colliding beams, the radiative Bhabha
interactions dominate the luminosity lifetime. Lifetimes presented in this section are
quoted as mean (that is, 1/e) values.

Touschek Scattering. The Touschek scattering mechanism is related to the IBS
mechanism described above. The main difference is that we are concerned now with
large-angle, single-scattering events that change the scattered particle’s momentum
sufficiently to make it fall outside the momentum acceptance of the accelerator.

The limit on the tolerable momentum deviation from the design value can come from
several sources. There is a longitudinal limit from the potential well (“RF bucket”)
provided by the RF system. Particles deviating in momentum from the nominal value by
more than this amount do not undergo stable synchrotron oscillations and are lost. There
can also be a transverse limit on momentum acceptance, arising from the excitation of a
betatron oscillation when the Touschek scattering event takes place in a dispersive region
of the lattice. For large momentum deviations (dp/p = several percent), the resultant
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betatron oscillation can either hit the vacuum chamber wall elsewhere in the lattice
(physical aperture limit) or exceed the dynamic aperture of the machine. Because the
lifetime for Touschek scattering increases approximately as (Ap/p), where (Ap/p) is the
limiting momentum acceptance value, there is the potential for a strong degradation if the
acceptance is too low. '

For detector background reasons, we envision the possibility of installing collimators
in the arcs that would restrict the particle amplitudes to about 100, motion. To see how
this affects the various lifetimes, ZAP has been modified to include this possibility.

The RF voltage in the HER, selected to be 18.5 MV so as to produce short beam
bunches, actually provides too large an acceptance (Ap/p = 1%) compared with the
estimated limitation from the physical aperture (Ap/p = 0.7%). This is not beneficial to
the lifetime, since it results in a higher bunch density and thus a higher collision
probability; this is the price we must pay to obtain short bunches. Fortunately, the
Touschek lifetime is not a major concern in this parameter regime, as shown in
Fig. 4-81a. At 9 GeV, a Touschek lifetime of 870 hours is predicted for the HER based
on the physical aperture limit. If a 100 limit is applied, the Touschek lifetime is still 188
hours.

In the LER, the physical momentum acceptance limit, Ap/p' = 1.3%, is the same as
that of the RF bucket. Although the energy is lower than in the HER, the large
acceptance makes the Touschek lifetime about 270 hours, and thus not of concern. With
a 100 aperture restriction, the lifetime becomes 65 hours, which is still quite comfortable.
We see (Fig. 4-81b) that a 100 aperture becomes quite noticeable at the lower energies,
where the lifetime drops to below 10 hours.

Gas Scattering. Gas scattering involves collisions with residual gas nuclei present in
the vacuum chamber. Such collisions can be either elastic or inelastic (bremsstrahlung).
In the former case, particle loss results from the excitation of a betatron oscillation that
exceeds the physical or dynamic aperture of the ring; in the latter case, the loss results
from a momentum change that exceeds the momentum acceptance of the ring (see
discussion above). ,

The HER must accommodate 0.99 A of circulating beam to reach a luminosity of
3 x1033 cm~2 s~1. This high beam current will give a large desorbed-gas load, and
substantial pumping speed is needed to maintain a background gas pressure below
10 nTorr in the ring. The PEP-II vacuum system is designed to produce a pressure of less
than 5 nTorr under these conditions, so we base our lifetime estimates on this value (N,
equivalent).

For the HER (see Fig. 4-82a), the estimated lifetime from gas scattering—dominated
by the bremsstrahlung process—is 6 hours at a pressure of 5 nTorr. This beam loss
process is much more severe in its effects than the Touschek scattering process; therefore,
we have placed great emphasis (see Section 5.2) on a vacuum system design capable of
maintaining a good pressure in the presence of a large gas load from synchrotron-
radiation desorption. It is worth noting here that our lifetime estimates are somewhat
pessimistic in that they are based on a fixed gas pressure. In reality the pressure will
decrease as the beam current decreases, making the lifetimes longer than the values
quoted here.
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Fig. 4-81. Plot of Touschek lifetime as a function of beam energy in (a) the HER
and (b) the LER. The solid line corresponds to taking the physical aperture of the
vacuum chamber as the transverse limitation; the dashed line assumes a 10c
aperture restriction in the injection straight section.

For the LER at a gas pressure of 6 nTorr (N, equivalent), the lifetime is roughly
equally matched between elastic scattering and bremsstrahlung losses (see Fig. 4-82b);
the overall beam lifetime is 2.7 hours. Even for the LER, special care must be taken in
the design of the vacuum chamber; this topic is discussed in Section 5.2.

Luminosity Lifetime. A potentially important contribution to beam lifetime is the loss
of particles due to interactions between the individual particies in the two beams. In
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Fig. 4-82. Plot of gas-scattering lifetime as a function of beam energy for (a) the
HER and (b) the LER. For the elastic scattering (solid line), an aperture
restriction of 100 was taken in each plane, with the vertical ¢ being calculated with
the fully coupled vertical emittance. An average pressure of 5 nTorr (N,
equivalent) was assumed for the HER and 6 nTorr for the LER.
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particular, we consider the loss of particles due to ete- — e*e- and ete- — ete~y
interactions that scatter beam particles outside the accelerator acceptance.

If the e*e- cross section leading to loss of a particle from beam i is &}, then the loss
rate depends on the luminosity according to

dNi o 4-32
T 0=-0:20) (4-32)

Each beam may consist of a number of bunches (not including gaps), n,; with a number
of particles per bunch, Np,(f). The subscript b is used to indicate that this is a quantity for
a single bunch, and the subscript i refers to the beam (i = +,—). The total number of
particles in a given beam is N; = np;Np; . We introduce the notation Ny ; = N;(0), and we
also use £, = £(0) to denote quantities evaluated at ¢ = 0.

To determine the beam and luminosity lifetimes for the processes of interest, we need
to know how the luminosity depends on the beam currents. This dependence is
determined to some extent by the operation of the storage ring. We adopt here a
conservative model that assumes that the bunch sizes do not vary with time. Then the
luminosity is given by

Np+(ONp-(On, fi
27:«/( %+ 012 ) (033 + 6)2 )

£(0) = (4-33)

The o, + and 0'; +in this equation are the transverse rms spot sizes at the interaction point
(IP). All time-dependent terms are explicitly indicated. It is assumed that the bunches
are distributed such that all bunches meet opposing bunches at the IP (that is, bunches
meet bunches and gaps meet gaps), hence np.f, = np f_ is the bunch collision frequency.
Here, f; is the revolution frequency for beam i. We also assume that any modifications
to the above formula from considerations such as ﬁmte bunch lengths and nonzero
crossing angles are time independent.

Equations 4-32 and 4-33 lead to two coupled differential equations in.the beam
currents:

dN. _

o =-ko,N.N_

(4-34)
dN._.
—a't—- =-kON AV
where
Ly
ks ——"——oO -

No-No_ (4-35)
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The solution is

1-r
N.(= N0,+ eGi—r
| (4-36)
N_(t)=No. ——L
® 0 1—re-Gt
where
o. o.
G=¢ S P el -
0 ( Nos No,-) (4-37)
and
- NO,.'. o_
r= No_0s (4-38)
The 1/e beam lifetimes are given by
1
T =E;—ln [e+r(1-¢)]
(4-39)
L=-—éln[—i—(l —e+re)
The time-dependence of the luminosity is
£ =ZLoe (4-40)
eGt—r

We define the luminosity lifetime 7 to be the time it takes the Juminosity to reach 1/e of
its initial value:

| r=ém{§[(1—r)2+2r/e‘+(1—r)m]} @-41)

The more important mechanism of the two Bhabha processes considered here is loss
due to bremsstrahlung (e*e~ — e*e~p) of a photon, which can change the energy of a
beam particle sufficiently to put it outside the energy acceptance of the accelerator. An
excellent approximation for the cross section.to lose a particle from beam i due to
bremsstrahlung is [Altarelli and Buccella, 1964]
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2
Obrems i = 16? £

86

2 . “ . \2
(ln E¢m, _ l_) (ln kL - i) +L(n L) 3_zm2 (4-42)

m} 2 mini 8

kmin i

In this expression, kmin ; is the minimum energy of a radiated photon that causes loss of a
particle from beam i. Thus, kpip ;/E; can be taken as the fractional energy aperture of the
machine for beam i. This cross section depends slowly on the energy aperture and on
Ecm.

Table 4-29 shows the bremsstrahlung beam loss cross section for PEP-II calculated
according to Eq.4-42. The fractional energy aperture is limited by the transverse
aperture rather than by the RF voltage—we have used a value corresponding to ten times
the rms energy spread of the beam.

We note that the large circumference of the PEP-II rings (2200 m) helps to produce a
comfortably large luminosity lifetime from this source. Even if future upgrades result in
a higher luminosity, we do not have a problem. For example, suppose we anticipate a
luminosity of 1 x 1034 cor2 s=1. As a “worst case,” suppose further that this gain is
achieved at the same beam currents as in our nominal design, either by reaching higher
tune shifts or by focusing more strongly. In this case, the luminosity lifetime is inversely
proportional to the luminosity, so 12.6 hours at 3 x 1033 cm~2 s~! becomes 3.8 hours at
1 x 1034 cm~2s-1. This would still be acceptable, although it would then be comparable
to the beam-gas luminosity decay rate.

Another loss mechanism, typically not as important as the bremsstrahlung considered
above, is the loss due to Bhabha (ete- — ete-) scattering at sufficiently large angles to
escape the acceptance of the machine. To a good approximation for the small angles and
high energies that we consider, the cross section to lose a particle from beam i is

sra? E; | 1 L]

&
2 E; 2 2
Ec.m. ! emin x;i emin y;i

OBhabha i = (4-43)

Table 4-29. Bremsstrahlung lum-inositj lifetime calculation.

High-energy Low-energy

Parameter Symbol ring ring
Fractional energy aperture fE 0.0061 0.0081
Min. energy in brems. integral [MeV] Kmi 55.1 25.1
Brems. cross section for particle loss [cm?] Oevey 30x1025 28x10-%
Bremsstrahlung beam lifetime [hr] TBri 14.8 344
Bremsstrahlung luminosity lifetime [hr] Tar 12.6
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where Omiq xy;; is the minimum horizontal or vertical scattering angle in the laboratory
frame leading to particle loss, and j = (—,+). Cross sections in units of GeV-2 may be
converted to cm?2 by multiplying by 3.89 x 10-28 GeV2 cm?2.

Table 4-30 summarizes the calculation for the PEP-II design. For the minimum
angles, we have made our usual assumption that the limiting aperture is 100 (using the
uncoupled horizontal and the fully coupled vertical beam sizes). Because the Bhabha
cross section to lose a beam particle is substantially smaller than the cross section in our
earlier bremsstrahlung loss example, this is not a significant lifetime consideration.

We conclude that the luminosity lifetime from e*e- — e*e~ and e*e~ — e*e~ywill not
be a significant limitation for PEP-II at a luminosity of £ = 3 x 1033 cm2s-1. Evenata
luminosity of 1 x 1034 cmr2 s-1, the large circumference (and hence large number of
particles per unit of beam current) of the PEP-II rings ensures that these sources of beam
loss will not seriously degrade the lifetime.

4.3.1.6 Higher-Order-Mode Losses. A complete specification of the thermal loading in
the vacuum chamber must take into account the localized heating of beamline
components due to the absorption of power generated by the beam in the form of HOM
losses. We estimate the HOM power as

Puom = 1.6 x 10710 NIk, (kW] (4-44)

where N, is the number of particles per bunch, I (in A) is the total current, and k; (in
V/pC) is the loss factor for the ring due to its impedance. For the PEP-II design
parameters, the HOM power in the HER is given by [Heifets, 1990a]

Puom = 4.3k (kW] (4-45)

The equivalent value for the LER is
Puom = 20k; [kW] (4-46)

Table 4-30. Bhabha luminosity lifetime calculation.

High-energy Low-energy

Parameter Symbol ring ring
Minimum angle in Bhabha integral [rad] Omin x 3.17x10-3 4.22x10-3
~ Minimum angle in Bhabha integral [rad] Bminy 1.12x10-2 1.49x 102
Bhabha cross section for beam loss [cm?2] Oete- 1.73x 1028 8.16 x 10-28
Bhabha beam lifetime [hr] TBh i 26000 12000

Bhabha luminosity lifetime [hr] TBh 10064

172



4.3 Collective Effects

The loss factor is defined as

k=1 f Zw)e{(va/fdo (4-47)
0 .

Based on the impedance values estimated here, the total loss factor of the LER with
10 RF cavities is k, = 11.2 V/pC. Of this, the RF cavities give 5.15 V/pC, the ring
components give 3.25 V/pC, and the resistive wall gives 2.8 V/pC.

The HOM power deposition in the LER is then found from Eq. 4-46 to be P =
225 kW. For the HER there are 10 additional RF cavities that contribute an additional
loss factor of 5.15 V/pC. The HOM power for the HER is then P = 70 kW. To be
conservative, we double these Pyqy values in determining RF parameters, that is, we use
Pyom = 150 kW for the HER and Pygp = 450 kW in the LER. The total HOM loss in
the IR from both beams is P = 1.2 kW. This is very small compared with the power
deposited by the synchrotron radiation (about 75 kW).

We estimate the ohmic losses (power deposition per unit length) from a beam with kp
bunches in the ring as

dP _ 2\ N2 3
2~ i (Z;b)oiﬁz ./ LD (4-48)

For the beryllium pipe at the IP, 0 =3.1 x 105 Q-1 cm! and b = 2.5 cm. For the two
beams with parameters kp = 1658, f; = 136 kHz, N, = 2.75 x 1010 (HER) and 5.91 x 1010
(LER), we find dP/dz = 0.70 W/cm.

The estimate shows also that the HOM power will be absorbed mostly outside of the
interaction region. The wakefields generated outside of, but absorbed within, the IR
deposit very little energy because the average loss factor per unit length outside of the IR
(excluding RF cavities) is much smaller than that of the IR. This contribution may be
dominated by the wakefields generated at the crotches far away from the IP.

Energy deposition could be enhanced substantially if there were trapped modes in the
IR, provided their wavelengths were multiples of the bunch spacing. We have tried to
find the trapped modes in a structure that reproduces the real IR structure within +25 cm
from the IP and then is continued with straight pipes, using the code MAFIA. We failed
to find any trapped modes [Ko, 1990]. This is not surprising in an open structure such as
the PEP-II IR.

4.3.1.7 Ton Clearing. The trapping of positively charged ions produced by collisions
between electrons of the beam and background gas molecules has degraded the
performance of many electron storage rings. The production rate for the total ring is
1.3 x 109 jons per turn at an average pressure of 5 nTorr. The linear theory of ion
trapping is quite simple. When an electron beam bunch passes near an ion, the ion
experiences a restoring force toward the beam axis. This force results in a change in the
transverse velocity of the ion. Between bunch passages, the transverse velocity produces
a change in the transverse position of the ion. This pattern is repeated for each passage of
an electron bunch.
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To estimate the ion motion, it is useful to consider [Villevald, 1993] the transverse
charge density of the electron beam as a Gaussian profile with rms width and height o,
and o), respectively. The equation of vertical motion for an ion in the electron bunch
may be written as

~2
y+Q,y =0 (4-49)

where

~2
L 2l ' (4-50)
c2  IAcy(oy+0y)

with 7 the peak current of the bunch, ¢ the speed of light, I, = myc3/e = 3.1 x 107 A the
Budker current of a proton, and A the ion mass number. The bunch cross section varies
around the ring, but, for purposes of estimation, we can take o, = 0.1 cm, 0, =0.02 cm,

an ion mass of 20, and a peak current 130 A. These parameters give Q =4 x 108 rad/s.

The bunch length 7 and the buznch spacing At are 30 ps and 4.2 ns, respectlvely Since
both the quantities Qy‘z and Q,7 Ar are much less than one radian, we can neglect the
bunch structure of the beam and describe the ion motion as occurring in the potential well
of a continuous electron beam. Figure 4-83 shows the depth of the potential well for a

-230

~240 - - -

Potential on the beam centerline (V)

250 F

; l ] | ! |
0 5 10 15
Position along straight cell (m)

Fig. 4-83. Depth of potential well for a singly charged ion in the HER straight
section.
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singly charged ion along the straight section lattice cell. The average transverse ion
motion can be obtained from Eq. 4-49 by replacing the peak current in Eq. 4-50 by the
average current I =0.99 A. The ion effectively sees a continuous electron beam and
oscillates with an average frequency of Q, = 3.3 x 107 rad/s. The same analysis applied
to the horizontal ion motion gives Q, = 1. 5 x 107 rad/s. For a continuous bunched beam
in the HER, ions will be trapped unless measures are taken to remove them.

The best known approach to avoiding ion trapping is to leave a gap in the electron
bunch train. This gap need be only a few percent of the total ring circumference, so that
only a small increase in the single-bunch current is necessary to achieve the same
luminosity obtained for the continuous bunch train. An ion will be linearly unstable
whenever the gap satisfies the following condition:

cos| Quy (To - AT] sm[szxy(ro AT)||> 1 (4-51)

where T is the revolution period and AT is the gap length. For T, =7.3 us, the phase
advance of ion oscillation during the passage of the bunch train is given by Q, (T, — AT)
= 170 rad and stability is sensitive to small parameter variations. For a particular
combination of current, beam cross section, and ion mass, the ion would perform nearly
an exact number of half-integer oscillations during the passage of the bunch train. This
would result in violation of the instability condition, Eq. 4-51. Therefore there will be
locations along the ring where ions can be trapped (see Fig. 4-84). The typical width of
each of these zones is of the order of a few centimeters. These locations shift along the
beam orbit as the current decays and/or the beam cross section changes. The ratio of the
total length of stability zones to the ring circumference has been calculated as a function
of gap length from Eq. 4-51 and is plotted in Fig. 4-85, which shows the percentage of
ions trapped in stability zones as a function of gap length for various ion masses (for the
average current in the HER of 0.99 A). The design length of the HER gap is 88 bunches
or 5% of the ring circumference. This choice gives a total length of the transverse
stability zones of the order of 18% of the circumference for a typical ion mass number of
A =20; a longer gap doesn’t change this percentage drastically.

The majority of the ions are expected to leave the stable zones due to longitudinal
motion caused by variation of the depth of the beam potential well with azimuth (due to
variation of the transverse beam sizes 0, and 0, as shown in Fig. 4-83) and, for nonzero
transverse amplitude, due to the cross-field force. A time of the order of 2-3 revolution
periods is enough for the ion to drift from the stability zone and become transversely
unstable.

A worst case would occur when an ion is both transversely and longitudinally stable -
and the zone of stability coincides with the minimum of the beam potential well, that is,
when ions are generated at the QD location (see Fig. 4-83). The typical width of the
stability zone near the minimum of the beam potential well varies from w = 18 cm for
hydrogen (A = 2) to w = 85 cm for carbon dioxide (A = 44). Ions will accumulate in these
zones from one turn to another. The frequencies of the trapped ions should be within the
frequency range
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Fig. 4-84. (a) Stable zones for ion trapping, plotted as a function of ion frequency.
(b) Frequencies for different masses at QF and QD locations.

A0y .2 cot! (—-—Qx’y AT) (4-52)
Q, QT 2 .

For heavy ions, A = 44, and a gap length AT/T = 0.05, we find QAT » 1 and AQY/Q very
small, about 3 x 10-3.

The number of accumulated ions in a stable zone is limited by two effects that change
the ion frequency: the space charge of the trapped ions and the amplitude dependence of
the frequency Q. The space-charge effect produces a frequency shift Eq. 4-52 when the
ion linear density is

AN#t = Ne A%y (4-53)
CTO Qy

where N, = 4.5 x 1013 is the total number of electrons in the HER. Therefore, the number
of ions trapped in this stable zone is wAN;" ions. The total number of the stability zones
coinciding with the bottom of the beam potential well cannot exceed the number of lattice
cells in the HER: n g = 144, so the maximum number of trapped ions is
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Fig. 4-85. Percentage of circumference that gives stable ion motion as a function
of the length of the ion-clearing gap.

N = AN;* wneey (4-54)

For hydrogen N = 1.3 x 108 and for carbon dioxide N; = 1.3 x 1010,

The accumulation of these ions is a relatively slow process, taking 103104 turns.
During this time, the number of trapped ions will also decrease due to fluctuations of the
beam current and transverse beam size. In reality, the number of trapped ions is also less
than that given by Eq. 4-54 because the straight-section cells, dispersion-suppressor cells,
and arc cells are not all identical. We see that the number of trapped hydrogen ions is
much lower than the total number of ions produced during the revolution period of the
HER, N; = 1.3 x 109. However, the number of trapped heavy ions (A = 44) is significant.

There is an additional reduction in the number of trapped ions due to the dependence
of the ion frequency on ion amplitude a,. For example,

Q=0 [1—( % ﬂ (4-55)

An amplitude a,/0y,, = 0.22 corresponds to a frequency shift AQ/Q =3 x 10-3. Such a

shift reduces the total number of stable ions by an order of magnitude, making their effect
small compared with that of single-turn ions. The maximum betatron tune shift generated
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by trapped heavy ions is

st A
avg =N L__TeBy (4-56)
27 v5,(c,+ o)

For a beam current / = 0.99 A in the HER, ﬁy = 2500 cm, y=1.8 x 104 (the relativistic
factor), and beam sizes at the QD locations of 6, = 0.07 cm, 0' 0.022 cm, the tune shift
is 0.04 and the betatron tune spread due to the trapped ions is of the order of 6v§' = 0.03.
In reality, the effect is even larger, because the distribution function of trapped ions is .
expected to be narrower than the distribution function of the electron beam (see
Fig. 4-86) [Tavares, 1992], which increases the tune shift by a factor of two. However,
only a small number of electrons, about 0.25%, experience a tune shift of this magnitude
(which is still less than the tune shift given by the beam-beam interaction).

In considering the effects of unstable ions, it is convenient to divide them into two
groups. The first group we refer to as “single-turn” ions, that is, ions accumulated during
the passage of the previous bunch train. The total number of single-turn ions is

N;=N, ﬁfl: 1.3 x 10° (4-57)

i

ion cloud profile (arbitrary units)

0 | | |
-1.0 -05 0 0.5 1.0
x/oy or yloy

Fig. 4-86. Calculated distribution of trapped ions compared with beam
dimensions.
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where 7; = 0.25 s is the total ionization time. These ions cannot be removed by lumped
clearing electrodes. Single-turn ions produce a betatron tune spread from bunch to
bunch. Indeed, there are no single-turn ions at the head of the bunch train, whereas the
number of single-turn ions for the last bunch of the train is given by Eq. 4-57. The
bunch-to-bunch betatron tune spread is given by

Av, = Ni l——@—— =0.002 | (4-58)

2r y o6y(0y + 0%)

for the HER current of I = 0.99 A and (8,)= 1.5 x 103 cm the beta function averaged over
the ring circumference. This tune spread is unavoidable even with clearing electrodes.

The second category of unstable ions involves “many-turn” ions, that is, ions
generated and trapped during many previous turns. During the time of the gap passage,
these ions reach large amplitudes, so we need to consider nonlinear theory in analyzing
their behavior. Generally speaking, the amplitude dependence of the ion oscillation
frequency may result in nonlinear resonances. The resonance condition is

kQyy=nmy (4-59)

where @, is the revolution frequency and k and n are integers. For Q, =3 x 107 rad’s,
oy = 8.6 x 103 rad/s, and k = 1, the order of the resonance is n = 35. Resona.nces of such
high order are suppressed strongly. Therefore, a linearly unstable ion remains unstable at
large amplitudes. This statement has been confirmed by computer simulations in which it
was shown that the betatron tune shift due to many-turn ions is

AV, = Av, 1‘1 - (4-60)

where Avy is the tune shift due to single-turn ions, given by Eq. 4-58, and the parameter
q is proportional to the atomic number A

o2 Ammyc?

a7 ez =6.8%x10%A4 (4-61)

q

with I = 0.99 A and Z; = 377 Q (the impedance of free space). The tune-shift value
obtained from Eq. 4-60 is small in comparison with the shift due to single-turn ions for
our design current.

The nonlinear field of the single-tum ion cloud results in a betatron tune spread given
by

vy  _3g 2 OE
ov, = —2 —e —2Y ds 4-62

[

With &= 1.93 x 10-9 m-rad, E, the electric field of the ion cloud (for the cloud of single-
turn ions, d°E,/dy3 = -2 kV/cm ), and C the ring circumference, we find ov, = -0.002.
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" Figure 4-87 shows the horizontal and vertical “bunch-to-bunch” betatron tune spread
induced by single-turn ions as a function of HER current. Although these ions cannot be
removed by lumped clearing electrodes, this is not necessary because the tune spread
from them is well below the corresponding value due to the beam-beam interaction.

The betatron tune spread due to the trapped heavy ions (Eq. 4-56) is of the order of
the beam-beam tune shift. Hence, ion clearing might be necessary near the horizontally
defocusing quadrupoles in the arcs and straight sections.

A closely related possible problem in PEP-II is that of cross-talk between the DIPs
and the beam, a phenomenon observed at CESR. The effect at CESR is believed to be
related to the penetration of the electrostatic field through the slots of the screen [Sagan
and Welch, 1992]. Such an effect scales with the slot width w and the thickness of the
screen as w2e~"™w,_ Simulations with POISSON (see Fig. 4-88) show that, for PEP-II

parameters, the field at the beam is reduced to 0.012 V/cm—a negligible amount—with
5.5 kV on the DIPs.

0.0125 I

0.0100 Vertical

— — = Horizontal

0.0075

Betatron tune shift

0.0050

0.0025

Fig. 4-87. Betatron tune spread due to trapped ions.
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5.5kV

0.012 V/icm

Fig. 4-88. Calculated electric field in beam chamber due to high-voltage on DIPs.
A voltage of 5.5 kV in the pump chamber produces an electric field of only 0.012
V/cm at the beam location.

4.3.2 Coupled-Bunch Instabilities

As mentioned earlier, wakefields in high-Q resonant structures in a storage ring cause
different beam bunches to interact. In general, such high-Q resonances result from the
HOMs of the RF cavities. For certain values of relative phase between bunches, the
coupled-bunch motion can grow and become unstable, leading to beam loss. In addition
to the relative phase between bunches, the instabilities are characterized by their motion
in longitudinal (synchrotron) phase space. Longitudinally, the @ = 0 mode
(corresponding to no motion) cannot be unstable, so the lowest longitudinal instabilities
are characterized by a = 1 (dipole) synchrotron motion. In the transverse case, the a =0
motion can also become unstable (referred to as “rigid-dipole” motion).

In the case of PEP-II, we require a relatively large number of RF cells, both to
generate the voltage needed to produce the short bunches and to replace the beam power
lost to synchrotron radiation each turn. Combined with the required very high average
beam currents, the substantial RF system can produce extremely rapid growth of coupled-
bunch instabilities. In the cases studied here, the most severe growth comes from the
lowest modes, that is, a = 1 longitudinally and a = O transversely.

We have estimated the growth rates for both longitudinal and transverse instabilities
for typical PEP-II parameters, that is, 1746 bunches having a total current of 0.99 A
(HER) or 2.14 A (LER). This bunch number, which ignores the gap for clearing ions, is
necessary for calculations performed with ZAP in the frequency domain.

Two different cases, based on the cavity design described in Section 5.5, were
studied:

Case A: Undamped cavities; 20 cells (HER) or 10 cells (LER)

Case B: As in A, but with HOMs damped to Q = 70; 20 cells (HER) or 10 cells
(LER)

In Case A, we examined the behavior of a standard PEP-II cavity with no HOM
damping. This cavity has a high shunt impedance for the fundamental while having
reasonable values for the HOMs. Case B represents what happens when the higher-order :
RF modes of the single-cell system are heavily de-Qed by external means, such as the
waveguides described in Section 5.5.

Predictions of longitudinal growth times (for the fastest-growing mode) for both RF
scenarios considered are summarized in Tables 4-31 and 4-32. The undamped cavity
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Table 4-31. Longitudinal coupled-bunch growth times
Jor the PEP-II HER (9 GeV; 15 = 18.4 ms) at a beam

current of 0.99 A.
(A) Undamped
Ta=1 0.06 ms
Ta=2 2.0ms

(B) Damped to @ =70
Ta=1 7.7 ms
Ta=2 363 ms

(Case A) gives a = 1 growth times below 0.1 ms. Substantial de-Qing (Case B) does help
slow down the growth considerably, to times on the order of 8 ms. Note that the
feedback system power required to counteract these instabilities will scale as the square
of the growth rate, so the change associated with damping the cavity HOMs is very
significant.

Although not shown in Tables 4-31 and 4-32, we have also observed that the
fundamental mode of the RF system is capable of causing instability for selected coupled-
bunch normal modes. This problem is handled via feedback on the cavity itself, as
described in Sections 5.5 and 5.6. Transverse results, summarized in Tables 4-33 and
4-34, are similar to those for the longitudinal case. Here, too, we find for Case A that the
two lowest synchrotron modes, a = 0 and a = 1, have growth times much shorter than the
radiation damping time. We again note the benefits of substantial de-Qing (Case B) in
slowing down the growth rates to more manageable levels. For Case A, it is the RF
HOMs that dominate the predicted instability growth times for both a =0 and a = 1

Table 4-32. Longitudinal coupled-bunch growth times
Jor the PEP-II LER (3.1 GeV; 15 = 19.8 ms) at a beam

current of 2.14 A.
(A) Undamped
Ta=1 0.03 ms
Ta=2 1 ms

(B) Damped to Q =70
Ta=1 3.8 ms
Ta=2 180 ms
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Table 4-33. Transverse coupled-bunch growth times for
the PEP-I1I HER (9 GeV; 7, = 37.2 ms) at a beam

current of 0.99 A.
(A) Undamped
Ta=0 0.20 ms
Ta=1 3.2ms

(B) Damped to @ =70
Ta=0 4.5ms
Ta=1 122.0 ms

synchrotron modes. For Case B, however, the growth of the instability is driven
exclusively by the resistive-wall impedance for a = 0 modes (though the cavity HOMs
still dominate the growth time for the a = 1 modes). Thus, the transverse feedback
system power requirements are determined by the resistive-wall instability, as discussed
in Section 5.6.2.

Although the feedback system design (Section 5.6) is based on detailed simulations of
the multibunch growth rates, the simple estimates made here already justify the effort that
has gone into designing an effective HOM damping system for the RF cavities (described
in Section 5.5).

Table 4-34. Transverse coupled-bunch growth times for
the PEP-II LER (3.1 GeV; 7, = 40.3 ms) at a beam

current of 2.14 A. .
(A) Undamped
Ta=0 0.1 ms
Ta=1 1.4 ms

(B) Damped to Q =70

Ta=0 1.1 ms
Ta=1 21.4 ms

183



COLLIDER DESIGN

4.3.3 Summary of Findings

Total beam current limitations in both rings will depend upon the ability of the vacuum
system to maintain an acceptable pressure, about 5 nTorr, in the presence of 1-2 A of
circulating beam. Neither bunch lengthening and widening due to the longitudinal
microwave instability (which places a limit on the allowable broadband impedance), nor
current limitations arising from the transverse mode-coupling instability are predicted to
be constraints in the multibunch scenario considered here.

We have seen here that the performance of both high- and low-energy rings is likely
to be limited mainly by coupled-bunch instabilities. Our choice of specially designed
single-cell RF cavities helps to reduce the longitudinal HOM impedance by permitting
the voltage to be produced with relatively few cells and by permitting the cavity HOM:s to
be effectively damped. Feedback systems able to deal with the remaining growth have
been designed; they are described in Section 5.6.

4.4 BEAM-BEAM ISSUES

As discussed in Chapter 3, the desire to achieve high luminosity leads one naturally to
specify high currents and/or small beam sizes. These tend to make the beam-beam
interaction stronger, which, in turn, may lead to beam blowup, coherent oscillations, or
fast particle losses that could defeat the purpose of the initial specification.

If the beam-beam interaction is sufficiently weak, the beams behave as if there were
no collisions, and the performance is controlled by the single-beam parameters of the two
rings. This condition implies a relative simplicity in the operation of the collider, because
the two beams are effectively decoupled. The price one must pay for this simplicity is
that, in order to achieve a specified luminosity, the weakness of the beam-beam
interaction must be compensated by using large beam currents distributed over many
bunches, or over few bunches with a large beam emittance. Either of these approaches
can become a problem for other aspects of the design, such as the vacuum system or RF
system, and can also lead to various kinds of beam instabilities. .

If the beam-beam interaction is significant, the dynamical beam parameters generally
deviate from their nominal values. A strong beam-beam interaction naturally tends to
imply a high luminosity, but it entails the potential for the problems mentioned above. In
addition, the operation becomes relatively more complicated because the two beams are
effectively coupled. :

Obviously, the desired luminosity performance of the collider implies specifications
on the dynamical quantities. The nominal quantities, on the other hand, imply
specifications on the individual rings. If the beam-beam dynamics were well understood,
it would be possible to translate specifications from dynamical to nominal quantities, and
then to proceed to the design of the two rings individually. Unfortunately, our
understanding is incomplete. This is particularly true for asymmetric colliders, which
involve the additional complication of having two separate rings. Furthermore, all beam-
beam simulation tools in existence take nominal parameters as input and produce
dynamical quantities as output. Therefore, the understanding obtained from beam-beam
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dynamical quantities as output. Therefore, the understanding obtained from beam-beam
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simulations proceeds, in some sense, “in reverse.” In practice, therefore, the only way to
arrive at a specification of nominal beam parameters is to proceed by iterations.

The basic strategy we adopt for PEP-II is to choose values for the nominal quantities
(including the beam-beam parameters &p) to achieve a certain (nominal) luminosity, and
then to verify by simulations that the dynamical behavior is close to nominal. If the
dynamical results are substantially different from the nominal expectations, we change
the nominal parameters and try again until an acceptable solution is found.

As mentioned earlier in this report, the key figure-of-merit for PEP-II (or any other
particle “factory”) is high integrated luminosity. This implies that a proper design must
have good operational reliability and high average luminosity. This last requirement
implies high peak luminosity, long beam lifetime, and the capability for rapid injection;
the first two requirements are almost always in conflict.

The bulk of the beam-beam studies carried out to date, which are summarized here,
have set a priority on demonstrating the feasibility of attaining or exceeding a short-time-
average luminosity of 3 x 1033 cm2 s-1. In this section, we present one set of parameters
that strikes a balance between the conflicting requirements mentioned above. This
solution is not necessarily unique or optimal, but it is an existence proof that such a value
for the luminosity is an achievable goal. The short-time-average luminosity is
determined by the dynamics of the beam core, while the beam lifetime is determined by
the long-time dynamics of the tails of the beam. Since high peak luminosity is a
necessary (but not sufficient) condition for good average luminosity, we have mainly
focused our efforts on the dynamics of the beam core. Preliminary results from studies of
beam-tail distributions (see Section 4.4.5) indicate acceptable beam lifetimes.

A complete set of beam-beam studies would need to address a large number of issues,
such as those arising from the energy and lattice asymmetries, multibunch coherent
effects, magnet nonlinearities, multiple parasitic collisions, injection transients, and beam
lifetime calculations. Such a task is beyond the reach of any single tool available today,
so one must necessarily resort to various approximations; the studies summarized here are
no exception. For this reason we cannot, in general, interpret our results quantitatively.
However, we do believe that qualitative comparisons between results for different
parameter values provide us with valid guidance with regard to desirable or undesirable
changes in these parameters. This philosophy underlies the interpretation of our beam-
beam studies, particularly multiparticle simulations.

In summary, although substantial work remains to be done, we are confident that the
solution we propose here will lead to a productive B factory, and we further expect that
improved solutions can be found by modest modifications of various parameters.

4.4.1 Nominal and Dynamical Beam Quantities

In the absence of the beam-beam interaction, the beam parameters are determined by the
lattice, the energy, and the RF parameters of each ring. In particular, this is true of the
emittances and therefore the beam sizes at the interaction point (IP). From these one can
compute the beam-beam parameters and the resultant luminosity in the limit that the
beam-beam interaction does not change them; the quantities calculated in this limit are
referred to here as nominal and are indicated by a subscript 0. As an example of our
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notation, the nominal vertical beam size at the IP, 0'8),' , and beam-beam parameter £y, ,
of the positron beam, and the nominal luminosity £ are given by

Ooys =V €y Byt (4-63a)

Eoye = - d " (4-63b)

%y = N.N-fe (4-63c)

- *2 *2 *2 *2
Zm/ (o-o,c,+ + O'OX’_)(O'O),’_,_ + croy,_)

where B;, .+ and &y, , are the vertical beta function at the IP and the nominal emittance of
the positron beam, the N, are the numbers of particles per bunch, ry is the classical
electron radius, and f; is the bunch collision frequency. We assume here that the bunches
collide head-on, that they have elliptical Gaussian transverse profiles with common axes,
and that they have lengths comparable to or smaller than their transverse beta functions.
In this case, the so-called “hourglass” reduction effect is small [Furman, 1991a]. There
are’three more beam-beam parameters, whose expressions are obtained from the above by
the replacements x <> y and/or + <> —. If the bunches are evenly spaced by a distance sp,
the bunch collision frequency is, in the relativistic limit, f, = ¢/sp, where c is the speed of
light.

Once the beams are brought into collision, the emittances inevitably deviate from
their nominal values and, as a result, so do all quantities involving the beam sizes,
including the beam-beam tune shift and the luminosity. These are the dynamical
quantities, denoted without the subscript 0; the dynamical quantities corresponding to
those in Eqgs. 4-63 above are given by

0';,+ =V &+ Byt+ R (4-64a)

fom— 10D (4-64b)
271'}’.,.0'},,_ (Gx- + O-Yv—)
NN, e

27V (c;,% + o;,f)(a;,% + o;,f)

In this discussion, we assume that the beam-beam interaction does not induce coherent
oscillations or a relative displacement of the closed orbits at the IP. This is discussed in
greater detail when we describe our simulation results in Section 4.4.4.
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4.4.2 Transparency Symmetry

The fact that an asymmetric collider necessarily consists of two rings enlarges the beam
dynamics parameter space considerably relative to a single-ring, symmetric collider. The
bunches in the two rings see different RF systems, different lattice functions, and
different magnetic fields. Even the simplest beam-beam dynamics study requires, at a
minimum, the specification of the following quantities:

* Two values for the number of particles per bunch, N+

» Six beam sizes (two transverse and one longitudinal for each beam)

Four beta functions at the IP (one vertical and one horizontal for each beam)
~* Six tunes
* Two sets of damping decrements

In general, the four beam-beam parameters are different, as can be seen from Eq. 4-63.

Because no asymmetric e*e~ colliders exist at present, and because the consequences
of the beam-beam interaction are not completely understood for intense beams, it has
been argued [Garren, 1989; Chin, 1989, 1990] that a cautious approach would be to
require that the beam dynamics of an asymmetric collider resemble as closely as possible
the dynamics of a symmetric one. In this way, the design can draw upon the valuable
experience gained from single-ring colliders. This is the so-called “transparency
symmetry” condition; it is reached by imposing constraints on the parameters of the two
rings according to the following:

(i) Pairwise equality of nominal beam-beam parameters: &pr 4= &, - and
§Oy,+ = éOy.—

(i) Pairwise equality of nominal beam sizes: a;x, = o;x,_ and c;y’ W= o;y,_

(iii) Equality of damping decrements of the two rings

(iv) Equality of the tune modulation amplitudes due to synchrotron oscillations:
(oq vs/ﬂ; )+ = (O v,/ﬂ; y)-» With oy the bunch length and v, the synchrotron
tune _

These conditions have been arrived at by a combination of analytic arguments and by
trial and error in simulations. It has been shown that, in certain cases, the predicted
performance is better when the above conditions are satisfied than when they are badly
violated [Chin, 1989, 1990]. From the theoretical perspective, however, the status of this
transparency symmetry is not completely settled: It has been argued, from general
principles, that the global beam-beam limit (understood to mean maximum integrated -
luminosity at a fixed overall cost) in an asymmetric collider can only be reached under
asymmetric conditions [Tennyson, 1990]. However, it is possible that this beam-beam
limit can be achieved only at the price of relinquishing too much flexibility and therefore
operational reliability, or of undesirably tight tolerances. Furthermore, it is not known at
present how different the luminosity at the beam-beam limit would be compared with
what could be achieved in a given transparent-symmetric design. On the other hand, by
demanding that the dynamics of the two beams be identical, a single-particle Hamiltonian
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analysis in the linear-lattice approximation leads to a more restrictive set of transparency
conditions than those above [Krishnagopal and Siemann, 1990b]. This analysis implies
that the tunes, emittances, beta functions, beam-beam parameters, and bunch lengths of
the two beams must be pairwise equal. The only freedom left over is a trade-off between
energy and bunch current such that (N9, = (N})_.

In any case, the design of PEP-II must strike a compromise among competing
requirements from different areas of the design. This compromise requires
accommodating certain constraints, such as those arising from single-particle nonlinear
dynamics, synchrotron radiation masking, etc., that affect an idealized optimization of the
beam-beam interaction. As a result of this compromise, the present design of PEP-II
satisfies exactly only conditions (i) and (ii) above. However, as will be discussed later in
this section, we have also carried out studies in which condition (i) is violated [Eden and
Furman, 1993a]. These studies show that the dynamics behaves smoothly as the nominal
beam-beam parameters move away from equality. The PEP-II design allows enough
flexibility to accommodate such a departure from condition (i), within a certain range,
should further research indicate the need. For now, however, we have adopted the
approximate transparency symmetry as a prudent starting point in the design.

An important practical implication of the constraints above is that they reduce
considerably the parameter space and hence simplify the design. A mathematical
advantage of transparency symmetry is that the luminosity can be very simply and
conveniently expressed in terms of a single beam-beam parameter. First, we note that
condition (ii) above implies that there is a single nominal beam-aspect ratio r, '

*
v
O0yx /+

and that the expression for the nominal luminosity simplifies to

=(£’&) =r (4-65)

*
O0x /-

2g= NS (4-66)
47t0'0x O-Oy '

By combining conditions (i) and (ii), we have [Garren, 1989; Chin, 1990;
Furman, 1991b]

Be _By- _(ED.
Bew By ED-

(4-67)

where I = total beam current (assuming no gaps). One also finds that there is a single
beta-function ratio (rather than two) and a single nominal emittance ratio:

Bro _PBre oy ang B2t oo, (4-68)
ﬁ; + B; - ’ fox+ Eox-
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so that the beam-size ratio becomes

r=vr;7s (4-69)

The nominal beam-beam tune shift parameters are related to rgand re by

Sy _ /T8 _ T8 (4-70)
éOx B Te T
and the nominal luminosity is
Lo=K(1+ r)éoy(-E—f) @-71)
Fu.

where the subscript +,— means that the expression in parentheses can be taken from either
beam, because of Eq. 4-67. The constant X is

K=— l -
romc @-72)
=2.17x10% [cm2s-1] [—cm
GeV-A

where mc2 is the rest energy of the electron and e is its charge. Therefore, if we express
the energy E in GeV, the current I in A, and the beta function in cm, we obtain

Lo=2.17x10% (1 + )&, [EL [em2 s1] (4-73)
oy | =,

+-

Note that &y, cannot be varied independently of the other parameters, since it is related to
them through Eqgs. 4-69 and 4-70. It is also worth commenting that Eq. 4-73 can be
rewritten, if desired, in terms of horizontal, rather than vertical, parameters by making the
replacements y — xand r — 1/r.

In contrast, the nominal aspect ratio r, the beta function ratio rg, and the nominal
emittance ratio r¢ are free parameters, except that they are related by Eq. 4-69.

If, in addition to the transparency symmetry condition (i), we impose the extra
requirement that all four beam-beam parameters should be equal, that is

S+ = Coyr = box-=E0y-= &

as we will in our simulations presented below, then one finds the additional equality
r = rg = r¢ or, explicitly,

* * * *

Ooy+ _ 0y~ _Bys _By—_Eoys _ 8oy _ ,
* * * *

Oox+  Oox- Prs  Pr- €x+ E0x,-

(4-74)
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The formula for the luminosity reads the same as the previous case, Eq. 4-73, except that
now the beam-beam parameter carries no index y.

4.4.3 Physics of the Simulation Codes

For our simulations, we employ two distinct codes (one by H. Yokoya and another, called
“TRS,” by Tennyson [1989]) that are similar, but not identical. Each of these codes
represents a beam bunch by a collection of many (we have used up to 256)
“superparticles.” Initially, these superparticles have a Gaussian distribution in phase
space. At the IP, the rms beam sizes 0, and o, are caiculated from the superparticle
distribution at every turn. Although the shape of the distribution deviates from Gaussian
as time progresses, for the purposes of computing the beam-beam kick, it is a good
approximation (for the range of parameters of interest to us) to retain the Gaussian shape,
albeit with time-dependent oy and 0,. From these distributions, the beam-beam force on
each superparticle of the opposing bunch is computed by means of the well-known
expression for the transverse electric field in terms of the complex error function [Bassetti
and Erskine, 1980]. Deviations from a Gaussian shape are monitored; if the dynamic
distribution were to differ substantially from Gaussian, one would have reason to doubt
the results, owing to the lack of self-consistency. The importance of allowing for, and
consistently treating, non-Gaussian distributions has been emphasized [Krishnagopal and
Siemann, 1991]. At present, it appears that such an extension implies a significant
complication in the tracking codes and a major increase in the computer time needed.
This work remains to be carried out in the future to confirm that, in this parameter
regime, our present predictions are not significantly modified.

Each beam is transported through the rest of the machine by a linear matrix; that is,
no lattice nonlinearities are considered. Synchrotron radiation and damping are included
and are represented by localized kicks. The RF system is also represented by a localized
kick. Typically, the beams are tracked for three to five damping times to verify that an
equilibrium situation has been reached. (For the specific set of parameters studied here,
we have verified that five damping times is long enough to yield stable results and that
three damping times is often adequate.)

The electromagnetic fields produced by relativistic particles are Lorentz-contracted
into a thin disk perpendicular to the direction of motion. As a consequence, the force on
a single particle due to the opposing bunch is, to a good approximation, strictly
transverse; longitudinal forces can be neglected. (Indeed, the integrated longitudinal
force is exactly zero in the case when the beta function is constant during the collision.)
What cannot be neglected, however, is the fact that the opposing bunch has a finite
longitudinal extent.

Near the IP, the vertical beta function is small and the betatron phase of a particle
changes rapidly. Consequently, the net force due to the opposing bunch (that is, the
beam-beam interaction) is distributed over a wide range of betatron phase. Because most
beam-beam limiting phenomena are resonant in nature, this feature, called phase
averaging, is important and must be incorporated into beam-beam calculations and
simulations [Krishnagopal and Siemann, 1990a].
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Phase averaging thus emphasizes the importance of the longitudinal extent of the
beam-beam interaction. A Hamiltonian analysis that includes this feature predicts
resonance strengths that are smaller than those calculated by models in which the beam-
beam interaction is approximated by a single kick (impulse approximation). This also
implies that resonance overlap, and the stochastic motion that results from it, set in at
higher currents than would be estimated in the impulse approximation.

In the simulation results presented here, we allow for phase averaging by dividing the
bunch longitudinally into several slices. Typically, five slices are used, although spot-
checks with nine slices have sometimes been made. Both codes distribute the slices
evenly along the length of the bunch and symmetrically about its center. However, the
slices farthest away from the center are located in different places in the two codes. In
Yokoya’s code, the outermost slices are located at a distance s = +20; from the bunch
center, regardless of the number of slices. In TRS, the corresponding outermost distance
is s = £[1+ (n - 3)/12]0,, where n is the total number of slices. Thus, the two codes have
identical slicing algorithms only when 15 slices are used; for fewer slices, TRS code
concentrates the slices closer to the center of the bunch than does Yokoya’s code. As the
bunches pass through each other during the collision, the beta functions seen by the
different slices are different, since the slices collide at points away from the IP. In the
neighborhood of the IP, we take the s-dependence of the beta functions to correspond to
that of a drift.

Besides the distinctions discussed above, the codes also differ in technical details
having to do with the way certain quantities are averaged from turn to turn in order to
smooth out statistical fluctuations associated with the relatively small number of
superparticles.

The lattice design described in Section 4.1 has head-on collisions at the IP, with
magnetic separation of the beams. However, the beams go into their own vacuum pipes
only after traveling about 3 m away from the IP; as a result, they experience several
grazing collisions on their way into and out of the IP. There are four such “parasitic”
crossings on either side of the IP. These parasitic crossings couple the dynamics of all
bunches, so a completely faithful simulation of the PEP-II beam-beam dynamics would
require 1658 bunches per ring, along with a gap equivalent to 88 bunches. Since this is
an impractical requirement for any present-day simulation, we make two simplifying
approximations: (i) We consider only the first parasitic crossing on either side of the IP
and (ii) we use only one bunch per ring, which is “reused” (so that this bunch collides
three times per turn—two parasitic crossings plus the main collision at the [IP—with the
same partner in the other beam).

The first approximation is quite reasonable, since, as discussed in more detail below,
the effect of the first parasitic crossing overwhelms all the others. The second
. approximation rests on the sensible assumption that, in reality (or in a faithful
~ simulation), the particle distributions are not expected to differ much from bunch to
bunch, especially when the bunches interact at a distance, as is the case at the parasitic
crossings.

Given the complicated process that is being simulated, it is natural to test the
predictions of the simulation codes against known experimental results. As an example,
we have studied the particular PEP configuration summarized in Table 4-35 with
Yokoya’s code. We find that the luminosity prediction agrees with the measured value to
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Table 4-35. PEP parameters used in sfmulation

comparison.®

Betatron tunes

Horizontal 21.2962

Vertical 18.2049
Beta functions at IP

Horizontal {m] 1.342

Vertical {m] 0.053
Dispersion at IP

Horizontal [m] 0.00049
Emittances

Horizontal [nm-rad] 99.6

Vertical [nm-rad]} 3.96
Synchrotron tune 0.043
Beam current [mA] 18.85
Nominal beam-beam parameter, &,

Horizontal . 0.04653

Vertical 0.04653
Luminosity

Nominal [cm—2s~1] 5.07 x 1031

Observed [cm—2s51] 4.80 x 1031

Simulation [cm~2s-1] 4.34 x 103!

3 Data from E. Bloom and M. Donald.

within 10%. In fact, the simulation result is actually slightly pessimistic, since it is 10%
below the observed luminosity. We also predict from the simulations that there will be
no saturation of the dynamic beam-beam tune-shift parameter £ up to a beam current of
30 mA—again in agreement with experimental observations. Calculations for other PEP
configurations yield more or less equivalent agreement with the observed luminosities.

We have also tested TRS for the case of PEP, for a different configuration from that
above, including the effect of the parasitic crossings in the arcs. The comparison with
experiment is summarized in Fig. 4-89. In this comparison, too, we find reasonable
agreement with experiment. Again, we note that the code tends to underestimate the
luminosity.

Insofar as the simulation results in both cases are consistent in trend with the actual
PEP observations, we feel that the predictions derived from these codes are reasonable
guides for the design of PEP-II. Implied in this statement is the assumption that there is
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Fig. 4-89. Plot of observed luminosity at PEP and the simulation results from
TRS. The tune values used in the simulation were slightly different from those
used in the experiment itself; preliminary results show that the agreement improves
when the tunes are the same.

no new physics that enters into the beam-beam interaction due to the asymmetric

collisions. At the present time, we have every reason to believe that this assumption is
valid.

4.4.4 Beam Dynamics Studies

The primary parameters that determine the strength of the beam-beam interaction are the
four nominal beam-beam parameters, &,.+and &y, +. If these are small enough, and if the
working point of the ring is not too close to the integer tunes, &, is equal to the nominal
tune spread induced by the beam-beam interaction. We adopt, as a starting point, the
fully symmetric condition

§0x,+ = §0y,+ = 50:,- = §oy,.. =0.03 4-75)
The specification of & = 0.03 is intended to be conservative, insofar as existing

machines have already achieved substantially higher values of & [Rice, 1989, 1990;
Seeman, 1985]. As mentioned, this strategy of setting the beam-beam interaction to be
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reasonably weak has the desirable consequence that the beam behavior will be close to
nominal. This has the advantage of preserving operational flexibility, because the closer
to nominal the beam-beam dynamics is, the more controllable is the machine
performance. (Clearly, in an operating collider, the machine parameters will be adjusted
to maximize the luminosity. The idea here is not to limit the machine performance, but
rather to leave room for subsequent improvements.) '

As mentioned earlier in this section, most of our beam-beam studies carried out to
date have set a priority on demonstrating the feasibility of attaining or exceeding a
dynamical luminosity value of 3 x 1033 cm~2 s-1. We have studied first the short-time-
average luminosity, which is determined by the dynamics of the beam core. This is
studied quite effectively with “weak-strong” and “strong-strong” simulations involving a
few hundred macroparticles per bunch tracked for several damping times, neglecting all
lattice nonlinearities. Previous experiments and simulations for CESR [Jackson and
Siemann, 1990] provide justification for the linear-lattice approximation since they show
that magnet nonlinearities do not affect the core dynamics significantly once a good
working point is adopted. On the other hand, the dynamics of the beam tails, relevant to
beam lifetime, might be expected to be more sensitive to nonlinearities.

Specifically, the focus of our simulations has been to try to answer the following
questions:

* Can a region of the tune plane be found such that the dynamics is close to nominal
(that is, relatively small beam blowup)?

* Is the orbit separation between the two beams at the parasitic collisions large
enough?

* Is the value of 0.03 for the beam-beam parameter conservative enough? How does
the dynamics behave for £=0.05?

- * How do the beams behave during the first few damping times following injection?

* How do they behave after injection is complete but the beams are still separated by
the injection orbit bump?

* How sensitive is the dynamics to changes in the asymmetry of the design?

Our basic strategy is first to choose nominal parameters and then to verify that the
beam-beam interaction does not cause significant deviations from them. If the beam
dynamics is substantially different from nominal (for example, if beam blowup is too
large or beam lifetime too short), we change the nominal parameters and try again until
an acceptable solution is found. In more detail, this strategy is divided into several steps:

(i) Set nominal parameters. Our design goal is a nominal luminosity of £=
3 x 1033 cm~2 s-1. From this requirement and other considerations, a complete set of
parameters for both rings can be derived (see Appendix A). For the purposes of this
section, however, we show only an abbreviated list in Table 4-36. Further, because the
collider design has evolved in parallel with the simulation study, some of the final
parameters in Appendix A differ slightly from those in this section. The parameters
indicated in Table 4-36, however, are the values used in the simulation study.

In Table 4-36, E is the beam energy, sp is the bunch spacing, and f; is the bunch
collision frequency at the IP (f. = c/sp); WRF. frF, and ¢; are the RF voltage, frequency,
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Table 4-36. Main PEP-1I parameters used in the beam-beam simulation studies.

LER (e*) HER (e)
£o[emr2s-1] 3 x 1033
C [m] 2199.32 2199.32
E [GeV] 3.1 9.0
sg [m] 1.26
fe [IMHz] 238.000
Vrr [MV] 9.5 18.5
frr [MHz] 476.000 476.000
¢s [deg] 170.6 168.7
o 1.5% 103 2.41x 1073
Vs 0.050 0.052
oy [cm] 1.0 1.0
og/E 1.00 x 10-3 0.616 x 10-3
Na 5.630 x 1010 2.586 x 1010
I[A] 2.147 0.986
£ox [nm-rad] | 61.27 45.95
£y [nm-rad] 2451 1.838
B; [m] 0.375 0.500
By [m] 0.015 0.020
o3, [um] 151.6 151.6
Oy [um] 6.063 6.063
7; [turns] 5014 5,014
7y [turns] -5,014 5,014

8These values for N do not take into account the existence of the ion-clearing gap,
that is, they assume 1746 equally spaced bunches.

and synchronous phase, respectively; o is the momentum compaction factor; v, is the
. synchrotron tune; Oy is the rms bunch length; and 1, 7, are the horizontal and vertical
damping times, respectively. The other parameters are the emittances &, beta functions S,
and nominal rms beam sizes oy at the IP.

The parameter values in Table 4-36 are consistent with Eq. 4-75 and our stated
luminosity goal, as can be easily verified. The values do not, however, correspond
exactly to the requirements of transparency symmetry, on account of the difference in the
amplitudes of the tune modulation:
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OpVs

—=| =1.33x 1073, =1 =1.04x 1073
B I+ B: |-
| (4-76)
A% =333x102, (2% =260 102
B I+ B -

(i) Select a working point. Usually, only the primary collisions at the IP are
considered in this step. The choice of tunes can be made quite effectively with “weak-
strong” beam-beam simulations, in which the high-energy beam is forced to remain
undisturbed while the low-energy beam is studied dynamically. (For PEP-II, we are
confident that this approximation is reasonable, because more realistic “strong-strong”
simulations show that there is little or no beam blowup for the high-energy beam in our
design.) This more approximate type of simulation has the advantages that it is relatively
fast and that the effects of resonances, such as synchrotron sidebands, are clearly seen
(thus allowing, in principle, a theoretical understanding of the underlying beam
dynamics). The main figure-of-merit that we use in this study is the beam blowup factor
of the low-energy beam. ‘

A tune scan is presented in Fig. 4-90, which shows the vertical and horizontal beam
blowup factors of the low-energy beam for each working point scanned [Tennyson,
1991b] (the tunes shown are the “bare lattice” tunes). This tune scan was actually carried
out for an earlier design, called APIARY 6.3D, and it does include the effect of the
parasitic collisions. From the limited perspective of the beam-beam studies presented in
this section, the APIARY 6.3D design differs from the present design basically in two
ways: (a) the beta functions at the IP of the high-energy ring in the current design are 2/3
as large as they were in APIARY 6.3D and (b) the normalized separation between the
beam orbits at the first parasitic crossing, /0oy +, is ~55% larger in the current design
than it was in APIARY 6.3D. The beam-beam parameters and nominal luminosity are
the same in the two designs, and the synchrotron tunes are almost the same. Since the
parasitic collisions were shown to be weak relative to the IP collisions for APIARY 6.3D
[Eden and Furman, 1992a, 1992b; Chin, 1991a; Tennyson, 1991a], and they are even
weaker in the current design, as shown below, the tune scan in Fig. 4-90 is still relevant
for the current design. Figure 4-91 shows the same portion of the tune plane, with
resonance lines through sixth order. The beam-beam interaction causes a tune spread
because particles of different betatron amplitude experience different tune shifts. This
causes the beam to have a characteristic “footprint” (see Fig. 4-92) that extends
diagonally upward from the working point.

For the beam-beam simulations, we have adopted, as suggested by the results in
Fig. 4-90, a working point with fractional tunes v, = 0.64 and v, = 0.57 (both beams).
Several existing colliders operate in this region of the tune plane, just above the half-
integer [Rice, 1989, 1990; Seeman, 1985], which has the advantage of reduced sensitivity
to closed-orbit errors. As our results (presented below) show, this working point is quite
acceptable, and we are confident that an optimal working point can be found close to our
current choice. Because of the asymmetry of the machine design, it is possible that the
optimal working point will be different for the two rings; an optimization study along
these lines will be carried out in the near future.
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Fig. 4-90. Low-energy beam blowup factors (a/0p) for various working points for
the earlier PEP-II design APIARY 6.3D, including parasitic collisions. The
numbers in each box are the vertical and horizontal blowup factors at that
particular working point. The shading in each box is indicative of the blowup: the
darker the shading, the larger the vertical blowup. The cross-hatched boxes
indicate horizontal blowup >20%.
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. Fig. 4-91. Tune plot with even-order resonance lines through sixth order. This is
the same portion of the tune plane as in the previous figure.

We will refer again to results for the earlier designs APIARY 6.3D [Furman, 1991]
and APIARY 7.5 [Eden and Furman, 1992] in other subsections below. From the beam-
beam perspective, there are only two differences between the present and previous
designs: the beta functions of the HER are now smaller than before, and the normalized
beam separation at the first parasitic collision is larger. The beam currents and
emittances are adjusted such that the beam-beam parameters and nominal luminosity
remain unchanged. A comparison is presented in Table 4-37.

(iii) Verify the behavior of the beam-beam interaction. The next step is to check that
the beam-beam interaction remains reasonably weak in the fully coupled beam-beam °

- calculations. This is done with “strong-strong” simulations, in which both beams are
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Fig. 4-92. Tune plot and beam footprint. The tune plane shows the working point
(cross) and the beam footprint caused by the beam-beam tune spread. The lines in
the footprint correspond to particles with amplitudes with constant o, or constant

.Oyat0,1,2 3,4,5,6,8and 100. The particle closest to the working point has the
largest amplitude, 100, and 100y . The particle furthest away is at the center of the
bunch and is labeled (0,0).

allowed to vary dynamically according to their mutual beam-beam interaction. During
the initial stage, the study is done with only the primary collisions at the IP. This type of
simulation is time consuming, but it is necessary because it is the only way to compute
‘dynamical quantities, such as actual beam blowup and luminosity, and because it can
reveal coherent oscillations, closed-orbit distortion, and particle losses. As a check on the
robustness of our chosen parameters and working point, we have considered values of &
much higher than the nominal value of 0.03 in the simulations. This is shown in
Fig. 4-93, which gives the calculated blowup factors of all four beam sizes vs &g, and
Fig. 4-94, showing the corresponding luminosities. In both Figs. 4-93 and 4-94, we
maintain the equality of all four &, values (which are varied by simply increasing the
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Table 4-37. Comparison between the current design—and two earlier versions.

Current design APIARY 7.5 APIARY 6.3D

LEB HEB LEB = HEB LEB HEB
20 [cm2 s-1] 3x103 3x103 3 x 1033
Sox 0.03 0.03 0.03
Soy 0.03 0.03 0.03
B: [m] 0.375 0.50 0.375 0.75 0.375 0.75
B; Im] 0.015 0.02 0.015 0.03 0.015 0.03
005 [um] 152 186 186
05y [um] 6.1 7.4 7.4
1[A] 2.1 1.0 2.1 1.5 2.1 1.5
d [mm)] 2 35 3.5 2.8
d/G0,? 11.8 14.3 9.6 14.4 7.6 11.5

34 is the beam separation at the first parasitic collision, and d/0p, is the separation normalized to
the local horizontal beam size.

number of particles per bunch). In general, the two codes predict reasonably similar
dynamical behavior. (The discrepancy at large &) is probably related to the different
ways the two codes handle coherent oscillations, which are significant at such extreme
parameter values.)

Because the various beam sizes change differently, the dynamical beam-beam
parameters also become different from each other. This means that the transparency
symmetry is inherently broken by the dynamics, although not to a great extent.

(iv) Verify that the results are maintained when parasitic crossings are included.
Although the beams collide head-on at the IP, the bunches experience grazing collisions
on their way into and out of the region within about +3 m of the IP, where both beams
travel in a common pipe. We must assess the effect of these parasitic crossings on the
performance. This is done with strong-strong simulations. Parasitic crossings have a
potentially detrimental effect on beam blowup, because they induce odd-order resonances
-and horizontal-vertical coupling. Taken together, these effects make it harder to find an
optimum working point in the tune plane.

There are four parasitic crossings symmetrically located on either side of the IP. All
of them occur in the horizontal plane. For the purposes of studying the beam-beam
dynamics, the first parasitic crossing (that is, the one closest to the IP on either side)
overwhelms the others on account of the relatively small separation, together with the
large vertical beta function. The strength of the long-range beam-beam kick at this first
parasitic crossing is much greater than those of all the remaining crossings combined.
This fact, discussed in more detail below, justifies our considering only this first parasitic
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Fig. 4-93. Beam blowup factors vs &y (IP collisions only). These are the results
Jor the dynamical beam size over nominal beam size for both beams, from both
simulation codes: (a) Yokoya’s and (b) TRS. The parameter & is increased by
increasing the number of particles per bunch in both beams, with fixed nominal
~ emittance.
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Fig. 4-94. Luminosity vs &y corresponding to the blown-up beam sizes in Fig. 4-93
(IP collisions only).

crossing in our present calculations. Table 4-38 shows the relevant parameters for the
primary and the first parasitic crossing for PEP-II.

In Table 4-38, As is the distance from the IP to the parasitic crossing point along the
beam trajectory; 27AV, and 27Av,, are the phase advances from the IP to the parasitic
crossing; d is the (horizontal) separation between the two closed orbits at the parasitic
crossing; and d/oy, is a measure of the extent of the overlap between the two bunches at
the parasitic crossing point. The nominal emittances and number of particles per bunch
are listed in Table 4-36. The parasitic crossings induce a tune shift and an amplitude-
dependent tune spread in the particles due to the mutual interaction of the two bunches. It
can be shown that the incoherent beam-beam parameters of a particle at the center of the
positron bunch from a single parasitic interaction point are, to lowest-order
approximation, given by [Tennyson, 1991a]

roN_
PO _To Bx,2+
2ry.d
“4-77)
roN_
659 = P
2ry,d?
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Table 4-38. PEP-II nominal parameters at the IP and first parasitic crossing.

LER (e*) HER (e)
As [cm] 2 63 '
d [mm] 2 | 3.50

IP First PC IP First PC
Av,? 0 0.1645 0 0.1432
Avy2 0 0.2462 0 0.2449
p:(m] 0.375 1.43 0.500 1.29
By [m] 0.015 26.46 0.020 19.85
o 0 ~1.68 0 -1.26
o 0 —41.99 0 -31.49
Oox [1m] 151.6 296.3 151.6 243.8
Goy [um] 6.063 254.6 6.063 191.0
O, [mrad] 0.404 0.404 0.303 0.303
Oy’ [mrad] 0.404 0.404 0.303 0.303
d/6ox 0 11.81 0 14.35
Eox 0.03 -0.000224 0.03 -0.000152
oy 0.03 +0.004133 0.03 +0.002326
&ox tot 0.0296 0.0297
Soy,tot ® 0.0383 0.0347

2The first PC occurs at a distance As and at a phase advance Av from the IP. At this
point the nominal orbits are separated horizontally by a distance d.

bThe total nominal beam-beam parameter is defined to be Eorot = éo(lP) + 2§O(PC).

with the corresponding expressions for the electron bunch obtained by exchanging the
indices + and - in Eq. 4-77. Here B are the beta functions at the parasitic crossing
location. The negative sign in the expression for 505‘3 arises from the fact that the
horizontal force is a decreasing function of separation at the parasitic crossing. Using the
numerical values for the parameters given in Table 4-38, we obtain

ErD=-000022, EFO =_0.00015
(4-78)
Ene =+00041,  £5C =+0.0023

which shows that the first parasitic crossings together contribute a vertical tune shift of
approximately 0.008 to the nominal IP tune shift of 0.03 in the positron beam. The
remaining parasitic crossings contribute negligibly to the tune shifts.
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A tune shift by itself is not detrimental, since it can be compensated by a shift in the
working point. However, as mentioned above, the amplitude dependence causes a tune
spread, which is more problematic. This spread, which can be calculated by appropriate
numerical integration [Tennyson, 1991a; Siemann, 1993], causes a distortion of the beam
footprint, as shown in Fig. 4-95. Such a distortion makes it more difficult to find a good
working point; for our present simulation purposes, we have maintained the original
working point, v, = 0.64, v, = 0.57.

As implied by the above, the parasitic crossings produce horizontal-vertical coupling
that can cause beam blowup. Obviously if the separation d were large enough, all effects
of the parasitic crossings would disappear altogether. To assess this effect, we have
carried out simulations in which we vary the separation d and keep all other parameters
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0.65 [~
(10,0)

(0,0)
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Fig. 4-95. Beam footprint of the LEB, including the effect of the parasitic
crossings. The large-amplitude distortion of the footprint produced by the long-
range collision is apparent (see Fig. 4-92 for a comparison). The lines in the
Jootprint correspond to particles with constant amplitude (vertical and horizontal)
at0,1,2,3,4,5,6,8and 10c.
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fixed. Figure 4-96 shows the beam blowup factors vs d/oq, + for & = 0.03, obtained with
TRS. Figure 4-97 shows the vertical beam blowup factors for the LEB from both codes
for & = 0.03 and 0.05. Figure 4-98 shows the corresponding luminosity vs d/0yy . for &
= 0.03 and 0.05. This larger value of & is obtained by increasing the number of particles
per bunch by a factor of 5/3, at fixed nominal emittance.

The lack of smoothness in the blowup curves as d/0y, + increases, particularly for & =
0.05, is almost certainly due to resonance effects. Indeed, as d varies, the cores of the two
beams sample different areas of the tune plane on account of the d-dependence of the
long-range beam-beam parameter, Eq. 4-77. This effect can be compensated by
appropriate changes of the bare-lattice working points of the two beams. Simulations with
such tune-compensation have been carried out, and they indeed show smoother blowup
curves [Eden and Furman, 1993b].

As mentioned above, there are four parasitic collisions on either side of the IP.
Table 4-39 summarizes the relevant parameters for all collisions, including the IP. In this
table, s is the distance from the IP where the collision takes place and d is the separation
between the beam orbits at that location (in all cases the separation is purely horizontal).
The nominal beam-beam parameters &y of a particle at the center of the bunch are
computed according to Eq. 4-77.
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Fig. 4-96. Beam blowup factors vs d/Cox, 4 for both beams obtained with TRS for
&p = 0.03. The nominal beam separation at the parasitic collision, indicated by the
_ arrow, corresponds to d/Goy .= 11.8.

205



COLLIDER DESIGN '

Beam blowup, o, /Ooy.+

5 1 ] )| l ] T 1 ] i I ! ‘ i
(@
£y=0.03 ’
4 O Yokoya's code 1
® TRS
31— —
21 —
1 - -
Nominal
0 L [ L l a3 l o l l 1 l 1 1 ]
(b)
£,=0.05
4 O Yokoya’s code =
® TRS
3 -
21 -
1 - —
Nominal
o 1. I i 4[ i l A I L I 1 I l
3 5 7 9 11 13 15 17

d/()'Ox,+

Fig. 4-97. Vertical beam blowup factor for the low-energy (positron) beam vs
d/Gpx,+ for (a) & = 0.03 and (b) &g = 0.05. The nominal beam separation at the
parasitic crossing, indicated by the arrow, corresponds to d/ Oy, + = 11.8. The
remaining three beam sizes are not shown because they exhibit blowup (or

~ contraction) factors of 10% or less in all cases, except at very low values of d/Ogx 4.
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Fig. 4-98. Luminosity vs d/0gy 4 for (a) &g = 0.03 and (b) &p = 0.05, corresponding
to the blown-up beam sizes shown in Fig. 4-97. Note that, for &y = 0.05, the
nominal value of the luminosity is 8.3 x 1053 cm~2 51,
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Table 4-39. Parameters at the IP and all four parasitic crossings.

LER (e*)

s (m) d (mm) d/0ox Sox &y
0.0 dpP) 0.0 0.0 +0.030000 +0.030000
0.63 3.498 11.8 -0.000224 +0.004133
1.26 17.651 33.2 —0.000028 +0.000648
1.89 39.114 39.3 -0.000020 +0.000167
2.52 71.879 384 -0.000021 +0.000026

HER (e”)

s(m) d (mm) d/opsx &ox éOy
0.0 (IP) 0.0 0.0 +0.030000 +0.030000
0.63 3.498 14.3 -0.000152 +0.002326
1.26 17.651 43.0 -0.000017 +0.000365
1.89 39.114 60.3 -0.000009 +0.000139
2.52 71.879 73.3 -0.000006 +0.000053

The simulation studies presented above indicate that the effect of the parasitic
collisions on beam blowup becomes negligible compared with that from the IP when the
relative separation d/0g,+ is = 7. Because the parasitic collisions beyond the first have
d/00y,+ 2 33.2, we are confident that their contribution to beam blowup is insignificant.
(To account for the combined beam-beam tune shifts of the additional parasitic crossings,
a small adjustment of the working point may be needed.)

It is likely that the only significant effect of the parasitic collisions beyond the first
would be to excite a coherent dipole mode in the beams. However, because the combined
beam-beam tune shifts of these additional parasitic crossings are small, this coherent
dipole mode is likely to be insignificant except when the working poirit is very close to an
integer or half-integer, a situation that will be avoided.

4.4.5 Beam Tail Simulations

The beam-beam problem is usually studied in two regimes: the core particles and the tail
particles. The two regimes are very different in terms of their physics issues and their
effects on machine performance. From an operational point of view, the core particles
determine the luminosity, whereas the tail particles determine the lifetime and influence
detector backgrounds (both aspects being critical to successful operation).

Compared with the core-particle problem, the tail problem has not been well studied,
either with analytical calculations or simulations. The reason for the lack of simulation
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Ao

Fig. 4-99. Beam distributions from simulation: (a) without synchrotron motion;
(b) with synchrotron motion; (c) with synchrotron motion and parasitic crossings.
The horizontal and vertical axes scales are Ay/cy, and A,/ 0'6;, , where A= Y2JB is
the amplitude.
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Fig. 4-100. Vertical beam distribution with and without parasitic crossings for the
low-energy beam.
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results is that particles are rarely in the tail. Even though the number of particles moving
into the tail is large enough to degrade the beam lifetime, it is not large enough to provide
a tail distribution with satisfactory statistical accuracy in a typical beam-beam simulation
with a few hundred superparticles. That is, a simulation with a huge number of particle-
turns would be required to give a single tail distribution, which prevents this problem
from being studied systematically by standard beam-beam codes.

To avoid this limitation, a new simulation code has been developed by Irwin [1992].
Instead of tracking billions of particle-turns in the core, we concentrate on the particles
that are evolving into the tail. To do this, an imaginary boundary is drawn in normalized
amplitude space to separate about 100 particles (out of 1000 particles) moving in the tail.
Then, we continue tracking the particles and randomly save the coordinates of particles
that are above the boundary, until 1000 particle coordinates have been saved.
Meanwhile, the coordinate information for any particles that move up across the
boundary is also saved. At this point, we track 1000 particles outside the boundary.
During the tracking, any particle that drops below the boundary will be reinserted above
it by using new coordinates from the crossing information saved previously. After
sufficient tracking time (a few damping times), a second boundary (at larger amplitudes)
is created and 100 particles outside the second boundary are evolved into 1000 particles.
This process can be repeated a few times to keep tracking particles that are going into the
tail. Each time we increase the boundary amplitude, we gain a factor of 10 for the
number of particles in the tail.

The results of the Irwin code have been compared with the results of conventional
tracking for 6 billion particle-turns. Excellent agreement has been achieved, using only
2% of the particle-turns of the conventional tracking code. This indicates that the new
simulation code is a very powerful tool for studying beam-tail distributions.

The code features six-dimensional phase-space tracking, one interaction point with
asymmetric beam parameters, a linear arc transport with energy-dependent phase advance
and beta functions, parasitic crossings, and a multiple-slice beam-beam kick at the
interaction point. It has been developed to meet the requirements of PEP-II performance
studies. - 4

Figure 4-99 shows the results of a simulation for the PEP-II LER in which the strong -
bunch is segmented into five slices. An equivalent of about 70 billion particle-turns was
simulated. The results show that synchrotron motion is important in the beam-tail
distribution. The parasitic crossings do not appear to affect the distribution very much.
However, they do change the large amplitude tail by a small amount, which has an impact
on lifetime. Figure 4-100 compares the beam distributions in the vertical plane with and
without parasitic crossings. The distributions split at large amplitudes. Based on these
data, the lifetime can be estimated: For a two-hour lifetime, a 16.56, physical aperture in
the vertical plane is required without parasitic crossings, and a 220y, physical aperture is
required with parasitic crossings. (For comparison, we note that the dynamic aperture of
the LER exceeds 350 in the vertical plane, as shown in Section 4.1.3.3.)

More work will be carried out to check various effects, such as different working
points and lattice nonlinearities. Our goal is to identify possible problems, rather than to
predict the actual operational performance of PEP-II.
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size reaches its peak value (about 11 times the nominal storage ring beam size) very
quickly, within approximately 300 turns; the beam blowup then damps gradually in the
following few radiation damping times. No particle loss was found in the simulation.

The simulations show that the horizontal beam size also blows up, to about three
times the nominal stored-beam value, but much more slowly (roughly one radiation
damping time). A detailed investigation of the time evolution of the horizontal phase-
space distribution shows that the injected beam is sheared into an elongated shape, and
eventually spreads out over a circular annulus in horizontal phase space, due to horizontal
kicks from the other beam. This leads to a rapid damping of the horizontal baricentroid
motion even though the particle amplitudes themselves have not yet been significantly
damped. The process would likely be enhanced if the amplitude-dependent tune shifts
due to lattice nonlinearities were taken into account.

Although the resultant performance of the horizontal injection scheme in the
APIARY 6.3D design would have been acceptable, we have explored two alternative
injection schemes in an attempt to seek a solution that entails less blowup of the injected
beam. One such scheme is to inject beams vertically instead of horizontally. Obviously,
this scheme prevents the injected beam from approaching the other beam at the first
parasitic crossing more closely than the nominal separation distance between the two
stored-beam orbits. Another scheme is horizontal injection, but with vertical separation
at both the IP and the first parasitic crossing (produced by a bumped orbit during the
injection process). Simulation results for both of these schemes show substantia]
reduction of the blowup of the injected beam sizes. No particle loss was found in either
case.

Based on these results, we adopted a vertical injection scheme for the intermediate
design, APIARY 7.5. Because the two beams cannot get any closer at the parasitic
collision point than the nominal (stored-beam) separation distance, the beam-beam kick is
weaker on average than during steady-state colliding-beam operation. However, the
parasitic beam-beam interaction, being a collision of the two beams at large amplitude in
phase space, still tends to shear the injected beam into an elongated shape in vertical
phase space. The process is accelerated as the coherent vertical oscillation of the injected
beam damps away, because the distance between the two beams gets shorter on average.
This. behavior, schematically illustrated in Fig. 4-101, is a peculiar point that contrasts
with the horizontal injection case (in which the parasitic beam-beam interaction becomes
weaker as the horizontal coherent oscillation of the injected beam damps away).
Obviously, the parasitic beam-beam interaction in both cases approaches the same
strength in the steady state.

Although the present design has a substantially larger beam separation at the first
parasitic collision and smaller long-range beam-beam parameters for the LEB compared
with our earlier designs, we have retained the vertical injection scheme. In this way, we
are certain to avoid potentially adverse effects from close encounters of the beams at the
parasitic crossing points during injection.

The main storage ring and injection parameters of the present design are listed in
Table 4-40; the numbers in square brackets are the values of the corresponding
parameters at the time of injection. As in previous simulations, we consider only the first
parasitic crossing (that closest to the IP) on either side, because it overwhelms the others.
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Figure 4-101. Schematic illustration of the parasitic beam-beam interaction
during the vertical injection process.

A bunch with 20% of the nominal single-bunch current is injected into the LER with a
vertical displacement 2203y from the stored-beam orbit, where Oyy is the nominal (stored-
beam) vertical beam size of the LER at the injection point. We assume that the phase
advance between the injection point and the first parasitic crossing point is 27 times an
integer. The fractional tunes of the working point are taken as v, = 0.64 and
Vy = 0.57 for both beams.

Figure 4-102 shows the rms sizes of the injected beam, in units of the nominal stored-
beam sizes, versus the turn number after injection. The evolution of the baricentroid
motion of the injected beam is shown in Fig. 4-103. The largest turn number, 20000,
corresponds to about four radiation damping times. We see that the vertical beam size
reaches its peak value of ~3 0y, very quickly, within approximately 1000 turns. The beam
blowup then damps out gradually in the following few radiation damping times.
Horizontally, the injected beam converges monotonically toward its equilibrium size due
to radiation damping. At an early stage of the simulation, the injected beam is sheared
into an elongated shape. This elongated shape closes to a circular annulus after
approximately 8000 turns, that is, roughly two damping times. Accordingly, the vertical
baricentroid position settles down at the origin as shown in Fig. 4-103. No particle loss
from the 200 superparticles was found during the simulation. The high-energy beam
sizes, which are not plotted here, show practically no change from their nominal values.
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Table 4-40. PEP-1I parameters used in the injection simulation studies
of the LER. Parameters in brackets are those of the injected beam at the
time of injection; the other values correspond to the nominal stored

beams.
LER (e*) HER (&)
E [GeV] 3.1 9.0
C[m] 2200 2200
T, =T, [turns] 5014 5040
I, [mA) [0.246) 0.565
0y [cm] 1.0 1.0
&0, [nmrad) 61.3 [8.24] 45.9
&y [nmrad] 245 [8.24] 1.84
d [mm] 3.50
P First PC P First PC
B [m] 0.375 1.43 0.50 1.29
By [m] 0.015 26.46 0.02 19.85
Oox [m] 152 [56] 296 [109] 152 244
Ooy [um] 6.06[11.1] 255 [467) 6.06 191
d/0o, 0 11.8 [25.2] 0 14.4
A, /Cox 10 10
A, /0y 36 36

We conclude from these results that the vertical injection scheme is quite comfortable
in terms of the beam-beam dynamics. It leads to very little beam blowup and to no
particle losses (to the extent that these simulations are able to predict).

4.4.6.2 Simulations with Displaced Beams at Full Current. In this section, we
summarize simulation results corresponding to the state reached after injection is
complete but the beams are still separated. If the beams are slowly brought into collision
in step (4) of the injection process, the results presented in this section also allow a rough
understanding of what would happen during this beam-collapsing process. One implicit
assumption that is necessary for the relevance of these simulations to the beam-collapsing
process is that the time scale for switching off the orbit bumps is longer than a few
damping times. If the beam-collapsing process is fast (on the order of one damping time
or less), our simulations are probably relevant only to the static situation existing before
step (4) is taken. We are also assuming that multibunch coherent beam-beam instabilities
are not excited in the separated state or during the beam-collapsing process.
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0 5000 10000 15000 20000
Turn number

Figure 4-102. Time evolution of the injected beam sizes of the LEB, in units of the
nominal stored-beam sizes, during the vertical injection process.

- The results below are in the form of beam blowup, 6/0p, plotted versus d, /0y, or
dy /ogy for horizontal or vertical separation, respectively, where 0o, and oy, are the
nominal, steady-state, rms beam sizes at the IP, and d, or d, is the orbit separation at the
IP in either case. In the horizontal separation case, we varied d, while keeping d, fixed,
and vice versa for the vertical case. We assume that the beam separation is implemented
by a closed-orbit bump that is symmetric about the IP and whose elements (orbit bump
magnets) are outside the region encompassing the IP and the first parasitic collision
points (however, see the discussion below). Since there are no focusing elements
between the IP and the first parasitic collisions, the closed orbits inside this region are
parallel-displaced from the nominal orbits. As a result, the orbit separation at each
parasitic collision is related to that at the IP by simple geometry as follows:

dip = d, " (dy =0, fixed)
Horizontal separation case: {dpci = do+d;  (dy=0, fixed) (4-79)
dpcz = do—d,  (dy=0, fixed)
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Figure 4-103. Time evolution of the baricentroid positions of the injected low-

energy beam, in units of the nominal stored-beam sizes, during the vertical
injection processes.

dip
- Vertical separation case: dpci

d, (dy= 0, fixed)
dy, (dx=dp, fixed) (4-80)
dpcy = dy  (dy = dy, fixed)

where dj is the nominal orbit separation at the first parasitic collision (dp = 3.5 mm).
Parasitic collisions beyond the first were not considered, even though the horizontal-
separation alternative would almost certainly demand that they be included in a faithful
simulation. The simulation was run with the code TRS at the working point (0.64, 0.57).
In the horizontal-separation alternative, Eq. 4-79 shows that, as the beams are
displaced, one of the parasitic collisions (called PC2) gets stronger while the other one
(PC1) gets weaker. The collision at the IP also gets weaker. As one can see in
Fig. 4-104, beam blowup is not significant provided the separation at the IP is such that
dx/00x < 5-10. In this regime, the parasitic collisions are still well separated (for an IP
separation d,/0g, =5, the parasitic collision separations are dpcy/0p; + = 9.25 and
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Fig. 4-104. Beam blowup as a function of horizontal beam separation at the IP. As
the beam separation at the IP increases, the separation at one of the parasitic
collisions (called PC1) increases, while the separation at the other (PC2) decreases.
The arrow indicates the separation at which there is a head-on collision at PC2.

dpc1/Cox,+ = 14.4; the nominal head-on case has dy = 0 and dpc/Oby,+ = dpcy/Cox,+ =
11.8). However, as one might expect, when the IP separation is so large that the beams
collide head-on at the PC2 location (indicated by the arrow labeled “dpcz; = 0” in the
plot), the beam blowup is very large and the simulations also show particle loss. As the
beams are further separated, they eventually become so far apart that there are effectively
no beam-beam collisions (the last point in the plot, at the unrealistically large separation
dy /0y, = 46.2, is such that dpy/0yy+ = 11.8 and dpci/0py+ = 35.4, and one sees that,
indeed, there is no beam blowup). -

In the vertical-separation case, as implied by Eq. 4-80, the beams are always more
separated than nominal. The results are shown in Fig. 4-105. The LEB blowup becomes
substantial (~75%) when dy/0py 2 1, and it does not come back down to nominal (that is,
unity) until the separation is d,/0gy 2 10-12, corresponding to d, 2 Op./2.

The simulations above assume that only the first parasitic collisions and the IP come
into play. However, the traditional (and simplest) closed-orbit bump is implemented by
means of two kicking elements of opposite sign, separated by a distance such that the
intervening phase advance is
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Fig. 4-105. Beam blowup as a function of vertical beam separation. As the beam
separation at the IP increases, so does the separation at both PCs. The arrow
indicates the point at which the vertical separation equals the nominal horizontal
beam size.

A= m2, 32, 512,... @8

The PEP-II lattice is such that even the first option, Ay = /2, implies that the bump
elements must be located at a distance 22.5 m from the IP. This is true for both rings,
whether the separation is vertical or horizontal. This means that all four parasitic
collisions on either side of the IP would be encompassed by such an orbit bump. Of
course, it is, in principle, possible to separate beams by means of a more elaborate orbit
bump, or a bump that is not closed. Either alternative entails complications.

Thus, if the beams are separated horizontally, the simulations above indicate that the
closed-orbit bump must be tightly constrained by the lattice functions and phase advances
of all the parasitic collision locations, while there is no such constraint in the vertical-
separation case. If an orbit bump encompassing only the IP and the first parasitic
collisions could be designed, a horizontal separation 3 < d,/0g, < 10 would seem to be
adequate. (If d/oo, < 3, the bump would probably not be very effective, and if d,/og,
10, the adverse effects of the parasitic collisions could become quite severe.)
Realistically, the orbit bump must encompass all parasitic collisions; therefore, care must
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be taken in its design so that the beams do not come too close to each other at any
parasitic collision point in the separated state. "

The conclusion is that vertical separation is favored over horizontal on account of the
diminished adverse effects from the parasitic collisions: When the beams are vertically
separated, the dynamics is essentially determined by the main collision at the IP. All
parasitic collisions, especially the “outer” ones, have negligible effect. A vertical
separation d, 2 (1-2)0p; is probably adequate for smooth injection. Note that, as a
practical matter, it is 0p, that determines the scale for the falloff of the beam blowup,
whether the separation is horizontal or vertical. This implies that the orbit separation
must be at least a few times 0, in magnitude (whether it is vertical or horizontal) for it to
be effective. This conclusion is consistent with PEP [Chin, 1991b] and CESR [Billing,
1993] experience.

The horizontal-separation alternative does have the advantage that the simulations
show no significant beam blowup when the beams are slowly brought into collision. In
the vertical-separation case, on the other hand, the simulations show beam blowup of
~75% in the vertical dimension when the beam centers approach to within a distance
d, = (1-2)0g,. With the large PEP-II beam-stay-clear specifications, this temporary beam
blowup is not a concern.

Based upon these results, a vertical injection scheme with a vertical orbit bump has
been adopted for PEP-II.

4.4.7 Discussion

4.4.7.1 Effects of the Primary Parasitic Collisions: the d/op Rule. Our simulation
results show that, if only the IP were considered, the PEP-II design would show behavior
quite close to nominal from the beam-beam perspective, implying that the design is
conservative in this sense. Limited tune scans, within the approximations embodied by
our simulation methods, show that there is plenty of room to operate in the tune plane.
Indeed, Fig. 4-94 shows that nominal behavior for the luminosity would persist up to
values of & significantly larger than 0.03 for the working point chosen. However, the
parasitic crossings cause a preferential blowup in the vertical size of the low-energy beam
that tends to limit the range of parameters for which nominal behavior prevails. Even so,
Fig. 4-98a shows that the effect of the parasitic collisions is to reduce the luminosity by
only ~5% from its design value for & = 0.03. For the higher value of & = 0.05, shown in
Fig. 4-98b, the luminosity degradation from its nominal value, £y = 8.33 x 1033 cm2 571,
is more significant, although its absolute dynamical value, £ <7 x 1033 cm2 s~1, is more
than twice the PEP-II design goal.

Another way to achieve the higher-than-nominal value &, = 0.05 is to decrease the
emittances by a factor of 3/5 at fixed bunch current. The resultant nominal luminosity in
this case is a factor of 5/3 larger, that is, £o = 5 x 1033 cm~2 s~!. The beam sizes are a
factor of \/-3-/3 smaller, and the normalized parasitic separation is thus d/Gox+ = 4/5/3 x
11.8 = 15.2. A simulation for this case is shown in Fig. 4-106; the beam blowup reduces
the luminosity to a dynamical value £ >4 x 1033 cm=2 s-1.

By comparing the two cases at &y = 0.05, Figs. 4-97b and 4-106, one can see that the
first one is more “effective” in increasing the luminosity from its nominal value of
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Fig. 4-106. Beam blowup factors vs d/0gy 4 for & = 0.05. This value of &y is
achieved by decreasing the nominal emittances by a factor of 3/5 at fixed bunch
current. The corresponding nominal luminosity is 5 x 1033 cm=2 s~1, The beam
blowup reduces it to a dynamical value £ 2 4 x1033 em=2 s~1,

3 x 1033 cm2 s-1, while the second is “safer.” The greater effectiveness of the first
method is due to the fact that £ depends quadratically on N but only linearly on &™1.
The second method is safer in the sense that the actual value of d/6y, 4+, which is 15.2 in
this case, is further away from the onset of significant blowup (d/6p; + = 9) than in the
first case, for which the actual separation value is 11.8.

All simulation cases show that, if the parasitic collision separation is sufficiently
small, there is an onset of substantial beam blowup. This means that a local beam-beam
limit has been reached. By examining all of our simulation cases summarized in this
report and all previous studies [Chin, 1991a; Tennyson, 1991a, 1991b; Eden and Furman,
1992a, 1992b, 1993a, 1993b], we can state an approximate rule-of-thumb for this beam-
beam limit, the “d/og rule”:

* for &y=0.03, the onset of significant beam blowup occurs when d/cg, . < 7
» for &y=0.05, the onset occurs when d/0y;, + <9

Obviously, this rule has been obtained within the context of our approximations and
is thus of limited validity. In particular, it is valid only at a good working point.
Nevertheless, it is consistent with similar results obtained from simulations for the

220



e

4.4 Beam-Beam Issues

DAO®NE collider [Biscari, 1992], and is in rough agreement with the experience for
minimum pretzel separation in existing machines such as CESR [Rice, 1990] and LEP
[Goddard, 1992]. (In these last two cases, the constraint on d/oy pertains more to beam
lifetime than to core blowup, however.) We take this rule as a qualitatively valid guide
for comparative assessments. ‘

The two previous designs, APIARY 6.3D and APIARY 7.5, had nominal values
d/0ox + = 7.6 and 9.6, respectively, while the current design has d/og, + = 11.8. (We
always use the beam size of the LEB for normalization purposes, because it is larger than
the beam size of the HEB at the first parasitic crossing point and therefore gives a lower
value for d/ap,) Thus, the PEP-II design is quite safe in this respect—the large value for
d/oy,,+ ensures that the parasitic collisions are effectively weak so that the dynamics of
the beam core is dominated by the primary collision at the IP.

4.4.7.2 Larger Bunch Spacing. It is possible to weaken the parasitic collisions even
more by operating PEP-II with a larger bunch spacing. In this case, the natural
divergence of the closed orbits provides larger beam separation at the parasitic collisions.
For example, one can increase the bunch spacing sgpby 50%, from 1.26 m to 1.89 m, by
filling every third RF bucket rather than every second bucket (the RF wavelength is
ARr = 63 cm). In this case, the first parasitic collision occurs at a distance As = 94.5 cm
from the IP instead of 63 cm. In order to maintain &y and £ at their original values of
0.03 and 3 x 1033 cm~2 s-1, respectively, we require that the number of particles per
bunch and nominal emittances of both beams be increased by 50%. The total beam
current remains unchanged but the beam separation at the new parasitic crossing point is
d = 10.1 mm instead of 3.5 mm. Because of intervening focusing elements, d/0g;,, is not
the same as before: The new value is d/0p, + = 20.1 instead of 11.8, which implies a
much weaker parasitic collision. Simulations for the previous designs APIARY 6.3D and
APIARY 7.5 [Eden and Furman, 1992a, 1992b] show that the beam blowup is slightly
less for the sp=1.89 m case than for the s3=1.26 m case at the nominal value of d/cy;, ..
What is more important is that the “comfort factor” is significantly larger, since the value
of 20.1 for d/ogy+ is much larger than the rule-of-thumb threshold value of 7. Although
we have not carried out these simulations for the current design, it is clear that the same
conclusion about the beam blowup would be valid.

If the bunches are injected every third bucket but the emittances and bunch currents
have their nominal values instead of being 50% larger, then the first parasitic collision is
such that d/0y,,+ = 24.6 and therefore it is truly negligible. In this case, the beam-beam
parameter at the IP is still & = 0.03, but the luminosity is £=2 x 1033 cnr2s-!, This
operating configuration could be used as a comfortable initial stage in the commissioning
of the machine. Table 4-41 shows a comparison of the nominal case with the two
alternatives with sp = 1.89 m.

4.4.7.3 Unequal Beam-Beam Parameters. As mentioned earlier, the transparency
symmetry in the PEP-II design is not obeyed exactly by the damping decrements or the
synchrotron tunes. We have therefore felt motivated to explore consequences of breaking
the symmetry in the beam-beam parameters as well. To this end, we carried out
simulations [Eden and Furman, 1993a] for the two previous designs, APIARY 6.3D and
APIARY 7.5, for unequal beam-beam parameters in two cases:
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Table 4-41. Comparison of primary parameters for the nominal case with two
options with larger bunch spacing.

‘Nominal spacing sp = 1.89 sp =1.89
larger N nominal N
LEB HEB LEB HEB LEB HEB
sg [m] 1.26 1.89 1.89
£o[cm2s-1) 3x 1033 3x 1033 2x 1033
&o 0.03 0.03 0.03
N [1010] 5.6 2.6 84 3.9 5.6 2.6
I[A] 2.1 1.0 2.1 1.0 14 0.66
& [nm-rad]) 61 46 92 69 61 46
£y [nm-rad] 2.5 1.8 3.7 2.8 2.5 1.8
d[mm} 3.5 10.1 10.1
d/oox 11.8 14.3 20.1 204 24.6 24.8

Approach A: we set &px 4+ = &gy, = o, and &y, = &y, — = &p- with &, # o
Approach B: we set &, 4 = o= &, and &, = &= &gy with &, # &

In both cases, we maintained the pairwise equality of the rms beam sizes at the IP and
kept the luminosity fixed at its nominal value, £3=3 x 1033 cm2 s~1. Other constraints
were in effect. In Approach B, the transparency-symmetry constraint on the beam-beam
parameters is respected, as explained in Section 4.4.2, but this is not the case in
Approach A. The simulation results showed that:

* In both approaches, only the vertical beam blowup is significant, and this blowup
behaves smoothly as the beam-beam parameters move away from full equality

* In Approach A, the dynamics favors (that is, beam blowup is less for) &, = 0.024,

Eo-= 0.04 over &, = &= 0.03
* In Approach B, the dynamics favors &gy = 0.023, &o; = 0.04 over &, = &, = 0.03

In both cases, the dynamical value of the luminosity is slightly increased from the
values corresponding to oy 4 = &oy,4+ = Eox- = &py,— =0.03. We have every reason to
believe that qualitatively similar results apply to the current design. We conjecture that,
if the beam-beam parameters were chosen according to the preference expressed by the
dynamics, the operation of the machine would perhaps be smoother and more reliable.
Of course, there are implications for other areas of the design associated with these
changes. Table 4-42 shows values for selected parameters of PEP-II in two examples
with unequal beam-beam parameters. Both sets are within the operational reach of the
machine. We note that, in both examples, the total current of the LEB is higher than the
nominal value.
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Table 4-42. Two examples of modified sets of basic pafémeters based on different
choices for the nominal beam-beam parameters, compared with the nominal
specification. The nominal luminosity is £9 = 3 x1033 cm~2 571 for all three cases.

oy ————
'

Nominal Approach A Approach B

LEB HEB LEB HEB LEB HEB
Sox 0.03 0.03 0.025 0.04 0.04 0.04
Soy 0.03 0.03 0.025 0.04 0.025 0.025
Oox [pm] 152 144 141
Oy [pm] 6.06 5.75 9.0
r = 0y /Cox 0.04 0.04 0.06
d/0oy 11.8 14.3 12.4 15.1 12.7 15.5
1[A] 2.1 1.0 2.8 0.74 2.5 1.2

4.4.7.4 Pairwise-Equal Beta Functions. As mentioned in Section 4.4.2, a single-particle
Hamiltonian analysis leads to a more restrictive set of transparency conditions than those
we have adopted [Krishnagopal and Siemann, 1990b]. Motivated by this analysis, we
have gone through the exercise of running one simulation case for a modified PEP-II
design that satisfies this more restricted symmetry. In this particular example, we have
set the beam-beam parameters and the nominal luminosity to their PEP-II nominal values
of 0.03 and 3 x 1033 cm~2 s-1, respectively, and we have chosen the beta functions at the
IP to be ;. =B, =50 cm and B; . =[3;,_ =2 cm. An immediate consequence of going
to.this configuration is that the total current in the LEB increases to 2.9 A (which is still
within the PEP-II design specification). Table 4-43 shows other basic parameters for this
modified case, and Fig. 4-107 shows the results for the beam blowup as a function of the
beam separation at the first parasitic collision.

In this case, one sees that the beam blowup curves behave symmetrically and tend to
rise more gently as the parasitic separation decreases than in the nominal case (Fig. 4-96).
However, for the nominal value of the separation, the simulation results for both cases

show that the dynamical value of the luminosity is within a few percent of 3 x
1033 cm—2 s-1,

4.4.7.5 Other Alternatives Studied. In the same spirit of examining departures from the
nominal parameters, we also studied the two earlier designs. Specifically, we looked at
(a) making B; . and B , larger than nominal and (b) making oy, smaller than nominal.
The object of both changes was to try to bring transparency condition (iv) closer to being
satisfied. Simulations for both cases indicated slightly better luminosity performance.
The penalty in case (a) is an increase in the LEB current, and in case (b) an increase in the
required RF voltage and a change in the momentum compaction factor.

4.4.7.6 Simulation Parameters. As mentioned in Section 4.4.3, in all the simulation
results with TRS presented above we used five damping times and 256 superparticles,
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Table 4-43. Modified main PEP-II parameters used in a beam-beam
simulation with pairwise-equal beta functions.

LER (e*) HER (e")
£olcm251) ‘ 3x1033
&ox 0.03 0.03
oy 0.03 0.03
Vi 0.64 0.64
v 0.57 0.57
Vs 0.052 0.052
Oy [cm] 1.0 1.0
o/E 1.00 x 103 0.616 x 10-3
Na 7.507 x 1010 2.586 x 1010
ITA] ‘ 2.862 0.986
Bx [m] 0.5 0.5
By [m] 0.02 0.02
0o, [Um] 175 175
O, [um] | 7 7
Parameters at the first parasitic collision
d/0ox 12.4 12.4
&ox —0.0002 -0.0002
oy +0.003 +0.003

aThese values for N do not take into account the existence of the ion-clearing gap.

and represented thick-lens beam-beam effects by using five slices. In order to save
computer time, in some cases (typically tune scans) we used fewer superparticles or ran
the simulation for only three damping times. In general, for & = 0.03, the results are
qualitatively the same. As an example of these kinds of comparisons, we present below a
spot-check with more superparticles. Figure 4-108 shows results with 256 and with 1024
superparticles for the vertical blowup of the LEB, for the nominal design case. The curve

with 256 superparticles is taken from Fig. 4-96. One can see that there is essentially no
difference in the two cases.

4.4.8 Conclusions

Our results show that, without the parasitic crossings, the beam dynamics performance of
the machine is quite close to nominal, up to values of &, substantially higher than the
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Fig. 4-107. Beam blowup factors vs d/0qy, + for a beam-beam simulation (using
TRS) with pairwise-equal beta functions. This should be compared with the
nominal case, shown in Fig. 4-96.

design specificatio.s of 0.03. The parasitic crossings introduce a horizontal-vertical
coupling due to the large value of the vertical beta function. This has the effect of
increasing the vertical size of the low-energy beam, with a corresponding lowering of the
luminosity. However, because the other three transverse beam sizes are not changed
much, the luminosity degrades no more than 5% from its nominal value for & = 0.03.
For & = 0.05, the relative degradation is larger, of the order of 15%; however, since the
nominal luminosity is larger in this case (£o = 8.3 x 1033 cm-2 s-1), the absolute value of
the luminosity is about 7 x 1033 cm-2 s-1, which exceeds the PEP-II design specification.

The calculated results for the value of & =0.05 were achieved by increasing the -
bunch currents by a factor of 5/3 from the nominal values at fixed emittance. Another
way of achieving &= 0.05 is to decrease the emittances by a factor of 3/5 at fixed bunch
current. In this case, because of the reduced beam size, the parasitic collisions have an
increased normalized separation, namely d/0y, + = 15.2 instead of a nominal value of
11.8. The expected luminosity in this case is £ = 5 x 1033 cmr2 s-1, but the beam
blowup leads to a dynamical value of £ > 4 x 1033 cmr2s-1. This second mode of
operation with & = 0.05 is somewhat more easily accomplished than the first as a result
of the lower beam-current requirements and the larger parasitic collision separation.
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Fig. 4-108. Comparison of simulation results with TRS for 256 vs 1024
superparticles per bunch. The vertical blowup factor of the LEB is plotted vs
d/Ggx, 4+ for the nominal design case. The curve with 256 superparticles is taken
Jrom Fig. 4-96.

Our simulations for luminosity performance, based on studies of the dynamics of the
beam core, suggest a simple rule-of-thumb for the effective weakness of the parasitic
collisions: Once a good working point has been found, the parasitic collisions are
effectively weak when d/0g;, 4 2 7 for & = 0.03 (or d/0g,,+ 2 9 for & = 0.05). Obviously,
a prudent approach dictates choosing a design value for d/oy, . larger than 7; all our
evidence to date confirms that the nominal separation value of 11.8 for PEP-II will be
quite comfortable.

The influence of parasitic crossings beyond the first one is quite weak. (To take
account of these collisions may require a very small adjustment of the working point.)
They may induce a coherent dipole oscillation in the beams, but this instability should be
easily avoided by a suitable choice of working point.

In general, from the perspective of beam-beam dynamics, we conclude that the energy
asymmetry of PEP-II presents no qualitatively new problems compared with those arising
in single-ring colliders.

Although our studies show completely acceptable luminosity performance of the
nominal design, we have explored to some extent how this performance varies as some
parameters take on values that are different from, but close to, nominal. Obviously these
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changes would have implications for other areas of the design, or for the operation of the
machine. Three such variations are:

 Increase the bunch spacing from 2Agg=1.26 m to 3Agr=1.89 m, with a
concomitant increase in emittances and bunch currents, so that the total beam
current, nominal beam-beam parameters, and nominal luminosity remain -
unchanged

* Adopt unequal beam-beam parameters according to two approaches: (A) make the
beam-beam parameters of the LEB different from those of the HEB, but keep the
horizontal and vertical parameters equal for each beam; (B) make the beam-beam
parameters equal in the two beams, but horizontal parameters different from
vertical

* Set the beta functions at the IP pairwise equal

Because the luminosity performance is already quite close to nominal, these alternatives
do not improve the performance more than a few percent for & = 0.03. Thus, the
advantage of making these changes may only be in further weakening the effect of the
parasitic collisions compared with the nominal design.

Beam-beam simulations of the injection process show that the vertical injection
scheme with vertical beam displacement is quite comfortable, since it induces a
temporary beam blowup of only a factor of three, which is easily accommodated within
the physical aperture. '

The lifetime is an important issue that we are just beginning to study. This is the
most difficult and expensive part of beam-beam simulations. Preliminary results show
that, in the absence of machine nonlinearities, the beam lifetime is comfortably long.
(Thus far, we have not included magnet nonlinearities in the simulation studies.) Because
magnet nonlinearities are more important at the tails of the beam than at the core, they are
unlikely to affect the luminosity performance of PEP-II. However, their influence on the
beam lifetimes may be significant and should be estimated.

Based on our results, and the possibilities for improvement described above, we are
convinced that the PEP-II design with a luminosity of 3 x 1033 cm2s-! is quite
comfortable. While important issues remain to be studied in more detail, such as beam
lifetimes, optimal choice of working point, and effects of magnet nonlinearities on beam
dynamics performance, we are confident that our solution will meet and has margin to
exceed its luminosity goals.
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IN Chapter 4 we presented the physics design of PEP-II.
The parameters we have adopted to achieve a luminosity of 3 x 1033 cm—2 s-1, and the
beam separation scheme we have arrived at (driven mainly by background considerations),
impose many requirements on the various technical components of the project. In this
chapter, we describe these technical components, paying particular attention to those
aspects that are most crucial to reaching the high luminosity we have specified. In general,
the challenges to be met are associated with the high beam currents that must be stored in
the two rings, 0.99 A in the high-energy ring (HER) and 2.14 A in the low-energy ring
(LER). In all cases, we have designed the hardware to have adequate operating margin to
ensure reliability, and we have employed proven design concepts wherever possible.

In Section 5.1 we describe the magnets and supports. In the case of the HER, nearly
all of these magnets are existing PEP magnets, but we describe them briefly for
completeness. Though the LER magnets will be newly constructed, they are based (with
the exception of the dipoles) on proven PEP designs and are therefore straightforward to
design and build. Magnets in the interaction region (IR), however, are technically quite
challenging and are the key to the successful implementation of the beam separation
scheme; these are described in Section 5.1.3.

The vacuum systems for the two rings are described in Section 5.2. The design
challenges here are to provide a low background gas pressure in the face of copious
synchrotron-radiation-induced photodesorption and to manage the high thermal loads
associated with many megawatts of synchrotron radiation power. We have adopted a
copper chamber for our design, based on its desirable properties in both these regards. In
this section, we also describe the design and cooling for the various IR hardware
components, such as the synchrotron radiation masks, the beam dumps, and the vertex
detector beam pipe.

The other technically challenging aspects of the PEP-II design include the RF cavities
(Section 5.5) and the feedback system (Section 5.6). The RF cavities must be designed to
dissipate approximately 150 kW of power and to permit the effective damping of dangerous
higher-order modes (HOM:s) to Q values of about 70. This damping is accomplished with
an innovative design in which three waveguides are attached to the body of the room-
temperature cavity to remove the HOM power. The feedback system utilizes a bunch-by-
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bunch approach that is designed to handle the full bunch repetition rate of 238 MHz; the
system employs a novel digital processing scheme that is very flexible and can
accommodate both injection and colliding-beam conditions. Detailed simulations of system
performance and tests of a portion of the system at SPEAR have demonstrated the efficacy
of the design.

The remaining design aspects covered in Chapter 5S—survey and alignment (Section
5.3), power supplies (Section 5.4), instrumentation and electronics (Section 5.7), and
control system (Section 5.8) are relatively straightforward. Here too we have paid attention
to providing flexibility and reliability in all components to ensure that PEP-II will indeed
function as a “factory.”

5.1 MAGNETS AND SUPPORTS

The magnet system in PEP-II provides the guide fields that bend and focus the charged
particles, electrons in the HER and positrons in the LER. In the case of the HER, the
lattice is designed to make use of most of the existing PEP magnets. The LER is an
entirely new ring for which all magnets must be newly constructed.

Because PEP was designed to operate at 18 GeV, whereas the PEP-II HER has a
nominal energy of 9 GeV, the PEP magnets are very conservatively designed for their new
function. As discussed in Section 7.2, it is prudent to inspect the magnets when they are
removed from the tunnel; as needed, the magnet coils will be refurbished to ensure their
reliability for long-term PEP-II service. In addition, some of the magnets will be measured
after reassembly to ensure that their fields remain the same.

We plan to reuse all of the PEP dipoles and quadrupoles for the PEP-II HER. Because
the HER lattice uses more quadrupoles than did PEP, additional magnets must be
fabricated. In the case of the dipoles, we need 192 regular bending magnets and an
additional 16 PEP low-field bending magnets, for a total of 208 PEP dipoles; four short
LER-style dipoles will also be used, making a grand total of 212 dipoles for the HER. All
144 sextupoles are available from PEP. For completeness, however, we describe the
existing PEP magnets briefly in Section 5.1.1.

The quadrupole and sextupole magnets for the LER are designed to have the same
aperture as the present PEP magnets. This is justified because the required beam-stay-clear
aperture in the LER is almost identical to that of the HER, as discussed in Section 5.2.2.
Basing the LER designs on PEP magnets minimizes the engineering and design efforts
required, because the already-optimized pole profiles of the PEP magnets can be used
without modification. The LER dipoles are much shorter than the PEP dipoles (0.45 m
compared with 5.4 m for PEP) and will not be based on that pole profile. Design details
for the LER magnets are presented in Section 5.1.2.

5.1.1 HER Magnets

As mentioned above, most of the magnets for the HER are existing PEP magnets. The
only exception is the quadrupoles. Additional quadrupoles are needed for the HER because
the FODO focusing structure (see Section 4.1) will be maintained throughout the straight
sections, except for the IR-2 straight that houses the detector.
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after reassembly to ensure that their fields remain the same.

We plan to reuse all of the PEP dipoles and quadrupoles for the PEP-II HER. Because
the HER lattice uses more quadrupoles than did PEP, additional magnets must be
fabricated. In the case of the dipoles, we need 192 regular bending magnets and an
additional 16 PEP low-field bending magnets, for a total of 208 PEP dipoles; four short
LER-style dipoles will also be used, making a grand total of 212 dipoles for the HER. All
144 sextupoles are available from PEP. For completeness, however, we describe the
existing PEP magnets briefly in Section 5.1.1.

The quadrupole and sextupole magnets for the LER are designed to have the same
aperture as the present PEP magnets. This is justified because the required beam-stay-clear
aperture in the LER is almost identical to that of the HER, as discussed in Section 5.2.2.
Basing the LER designs on PEP magnets minimizes the engineering and design efforts
required, because the already-optimized pole profiles of the PEP magnets can be used
without modification. The LER dipoles are much shorter than the PEP dipoles (0.45 m
compared with 5.4 m for PEP) and will not be based on that pole profile. Design details
for the LER magnets are presented in Section 5.1.2.

5.1.1 HER Magnets

As mentioned above, most of the magnets for the HER are existing PEP magnets. The
only exception is the quadrupoles. Additional quadrupoles are needed for the HER because
the FODO focusing structure (see Section 4.1) will be maintained throughout the straight
sections, except for the IR-2 straight that houses the detector.
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5.1 Magnets and Supports

5.1.1.1 Dipoles. The main parameters of the laminated PEP dipoles are summarized in
Table 5-1 for conditions corresponding to the nominal PEP-II operating energy of 9 GeV.
Physical dimensions of the magnet are shown in Fig. 5-1. Each magnet has a magnetic
length of 5.4 m (212.607 in.) and weighs 7.4 tons. The coils, located above and below the
midplane, are constructed of water-cooled aluminum, insulated with Mylar and fiberglass
tape and vacuum potted in a radiation-hardened alumina-based epoxy. All dipoles will be
disassembled and will have their coil insulation inspected and refurbished to ensure reliable
service in PEP-II. After reassembly, a sample of magnets will be remeasured to ensure the
constancy of their magnetic properties. To provide horizontal orbit correction, backleg
windings are employed. Windings from a pair of dipoles on either side of a focusing
quadrupole will be ganged together to form a single corrector.
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Fig. 5-1. End and side views of the HER bending magnet. Dimensions are given in
inches.
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Table 5-1. HER dipole parameters.

Magnet designation 2.8C212 2.8H17
Lattice designation B B4
Number of magnets - 192 4
Field @ 9 GeV [T] 0.1819 0.0904
Integrated field @ 9 GeV [T-m]) 0.9824 0.0407
Pole width [in.] 8.425 7.5
Gap height [in.] 2.787 2.787
Core length [in.] 209.820 14.930
Magnetic length [in.] 212.607 17.717
Width of useful field, 0.1% [in.] 4.725 400
Lamination height [in.] 15.433 16
Lamination width [in.] 18.19 17.8
Packing factor, minimum [%}] 98 98
Core weight [Ib] 14,168 2,000
Amp-turns @ 9 GeV 5,121 2,544
Turns 8 36
Pancakes per pole 1 1
Conductor dimensions [in.] 24 x0.7 2.0x0.3125
Cooling hole diameter [in.] 0.25 0.1875
Conductor cross section [in.2] 1.63 0.60
Current @ 9 GeV [A] 640.1 70.7
Resistance @ 40°C [mQ] 5.1 72
Power @ 9 GeV [kW] 2.08 0.04

- Volitage drop @ 9 GeV [V] 3.6 0.5
Coil weight [1b] 585 200
Number of water circuits 1 1
Water flow rate [gpm] 0.8 0.3
Water pressure drop [psi) 150 100
Temperature rise [°C} 53 04
Total power, magnets and bus [kW] 3994 0.1
Total voltage, magnets and bus [V] 691.2 20
Total system water requirements [gpm] 1444 1.4

5.8H85
B3

0.0216
0.0466
59
5.875
79.085

84.960

3.15
13.38
1047
NA
1,500
1,280
2
1

24x0.7

0.25
1.63
640.1
0.4
0.15
02
40
1
1.4
50
04
12
1.9
11.0

5.8H80
B2

0.0216
0.0431
59
5.875
72.685
78.560
3.15
13.38
1047
NA
1,500
1,280
2
1
24x0.7
0.25
1.63
640.1
04
0.15
0.2
40
11
14
50
0.4
12
19
114
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5.1.1.2 Quadrupoles. As with the dipole magnets, all existing PEP quadrupoles will
be reused for the HER. Altogether, 270 magnets are required for the PEP-II HER, of
which 200 are available from PEP. The additional magnets will be fabricated using the
same pole-tip profile developed for PEP, thus avoiding the need to develop a new design.
Dimensions of a typical quadrupole magnet are shown in Fig. 5-2. The electrical
characteristics of the existing quadrupoles, together with the new magnets, are summarized
in Table 5-2. As is the case for the dipoles, the conductor for the quadrupoles is an
aluminum extrusion. The insulating procedure used for the dipoles, employing Mylar,
fiberglass tape, and alumina-loaded epoxy, will also be used for the quadrupole magnets.
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Fig. 5-2. End and side views of an HER quadrupole magnet. Dimensions are given in
inches.
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets.

PEP PEP PEP New PEP PEP

Magnet designation 4Q22 4Q40 4Q40 4Q18 4Q40 40Q40
Lattice designation QD QD6 QDI QDO QDOI QDPI
Number of magnets 54 2 2 14 2 2
Operating gradient [T/m] 7.33 7.89 1.95 8.83 2.98 4.06
Pole-tip field @ operating gradient [T] 0.366 0394  0.097 0.441 0.149 0.203
Gradient-length product [T] 4.03 7.89 1.95 397 298 4.06
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] ' 19.69 3740 3740 15.75 37.40 37.40
Magnetic length [in.] 21.65 39.37 39.37 17.72 39.37 39.37
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width [in.] 13.35 13.35 13.35 13.35 13.35 13.35
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 2898 5506 5506 2318 5506 5506
Amp-turns per pole @ 9 GeV 7280 7837 1935 8770 2965 4032
Turns per pole 57 57 57 57 57 57
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] - 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 05%0.5 0.5%x0.5 0.5%0.5 0.5x%0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 128 137 34 154 52 71
Resistance @ 40°C [mQ] 82 127 127 72 127 127
-Power @ 9 GeV [kW] 1.3 24 02 1.7 03 0.6
'Voltage drop @ 9 GeV [V] 10.5 175 43 11.1 6.6 9.0
Coil weight [1b] 282 438 438 248 438 438
Number of water circuits 1 2 1 1 1 1
Water flow rate [gpm) 05 12 04 0.6 04 0.4
‘Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 9.8 1.7 14 11.7 32 5.9
Total power (magnets and bus) [kW] 724 4.8 03 239 0.7 13
Total voltage [V] : 567 35 9 156 13 18
Magnet system water requirements [gpm] 28 2 1 8 1 1
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magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP New PEP New PEP New
Magnet designation 4Q40 4Q18 4Q40 4Q18 4Q40 4Q18
Lattice designation QDP3 QDP3  QDP5 QDP5 QDP7 QDP7
Number of magnets 2 2 2 2 2 2
Operating gradient [T/m] 4.02 8.94 4.00 8.89 399 8.88
Pole-tip field @ operating gradient [T] 0.201 0.447 0.200 0.444 0.199 0.444
Gradient-length product [T] 4.02 4.02 4.00 4.00 3.99 3.99
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 37.40 15.75 37.40 15.75 37.40 15.75
Magnetic length [in.] 39.37 17.72 39.37 17.72 39.37 17.72
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width {in.] 13.35 13.35 13.35 13.35 1335 13.35
Packing factor, minimum {%] 98 98 98 98 98 98
Core weight [1b] 5506 2318 5506 2318 5506 2318
Amp-turns per pole @ 9 GeV 3999 8887 3974 8832 3964 8819
Turns per pole 57 57 57 57 57 57
Pancakes per pole » 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5%0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 70 156 70 155 70 155
Resistance @ 40°C [m£] 127 72 127 72 127 72
Power @ 9 GeV [kW] 0.6 1.8 0.6 1.7 0.6 1.7
Voltage drop @ 9 GeV [V] 8.9 11.3 8.9 11.2 8.9 112
Coil weight [Ib] 438 248 438 248 438 248
Number of water circuits 1 1 1 1 1. 1
Water flow rate [gpm] 04 0.6 04 0.6 04 0.6
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 58 12.0 5.7 11.8 5.7 11.8
Total power (magnets and bus) [kW] 1.3 35 1.2 35 12 35
Total voltage [V] ' 18 23 18 22 18 22

Magnet system water requirements [gpm]

1
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Table 5-2. HER quadrupolé parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP PEP . New New

Magnet designation
Lattice designation
Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T]
Gradient-length product [T]
Inscribed radius [in.}
Minimum gap fin.]
Core length [in.]
Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [1b]
Amp-turns per pole @ 9 GeV
Turns per pole
Pancakes per pole
Conductor cross-sectional area [in.2)
Conductor dimensions {in.]
Cooling hole diameter [in.]
Current @ 9 GeV [A]
Resistance @ 40°C [mQ]
. Power @ 9 GeV [kW]
Voltage drop @ 9 GeV [V]
Coil weight fib] -
Number of water circuits
Water flow rate [gpm]
Water pressure drop [psi]
Temperature rise [°C]
Total power (magnets and bus) [kW]
Total voltage [V] '
Magnet system water requirements {gpm]

- 4Q29  4Q29  4Q29  4Q29  4Q18  4QI8

QDSO1 QDSOIE QDSO2 QDSO2E QDSOL QDSOR
1 4 1 4 1 1
533 5.62 5.35 5.66 8.61 8.61
0.266 0.281 0.267 0.283 0.430 0.430
3.89 4.10 3.91 4.13 3.87 3.87
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
26.77 2677  26.77 26.77 15.75 15.75
28.74 2874  28.74 28.74 17.72 17.72
13.98 13.98 13.98 13.98 13.98 13.98
13.35 13.35 13.35 13.35 13.35 13.35
98 98 98 98 98 98
3941 3941 3941 3941 2318 2318
5297 5585 5317 5623 8550 8550
57 57 57 57 57 57
1 1 1 1 1 1
0.197 0.197  0.197 0.197 0.197 0.197
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
0.25 0.25 0.25 0.25 0.25 0.25

93 98 93 99 150 150
100 100 100 100 72 72
0.9 1.0 09 1.0 1.6 1.6
9.3 9.8 94 9.9 10.8 10.8
345 345 345 345 248 248

1 1 1 1 1 1

0.5 0.5 0.5 0.5 0.6 0.6
150 150 150 150 150 150
7.1 7.8 7.1 7.9 11.1 11.1

9 39 9 40 1.6 1.6
1 39 9 40 11 11
0 2 0 2 1 1
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

New New New New PEP PEP

Magnet designation
Lattice designation
Number of magnets
Operating gradient [T/m]

Pole-tip field @ operating gradient [T]

Gradient-length product {T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [1b]

Amp-turns per pole @ 9 GeV
Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Conductor dimensions [in.]
Cooling hole diameter [in.]
Current @ 9 GeV [A]
Resistance @ 40°C [m2]
Power @ 9 GeV [kW]
Voltage drop @ 9 GeV [V]
Coil weight [Ib] -

Number of water circuits
Water flow rate {gpm]

Water pressure drop [psi])
Temperature rise [°C

Total power (magnets and bus) (kW]
Total voltage [V]

Magnet system water requirements {gpm]

4Q18 4Q18 4Q18 4Q18 4Q22 4Q22
QDS11 QDSI11E QDS12 QDSI12E QDSIL QDSIR
1 4 1 4 1 1
8.61 9.37 9.79 941 7.98 8.01
0.430 0.468 0.489 0.470 0.399 0.400
3.87 422 441 424 439 441
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
1575 15.75 15.75 15.75 19.69 19.69
17.72 17.72 17.72 17.72 21.65 21.65
13.98 13.98 13.98 13.98 13.98 13.98
13.35 13.35 13.35 13.35 13.35 13.35
98 98 98 98 98 98
2318 2318 2318 2318 2898 2898
8550 9309 9728 9352 7925 7960
57 57 57 57 57 57
1 1 1 1 1 1
0.197 0.197 0.197 0.197 0.197 0.197
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5%0.5
0.25 0.25 0.25 0.25 0.25 0.25

150 163 171 164 139 140
72 72 72 72 82 82
1.6 1.9 2.1 19 1.6 1.6

10.8 11.8 12.3 119 114 11.5
248 248 248 248 282 282

1 1 1 1 1 1
0.6 0.6 0.6 0.6 0.5 0.5
150 150 150 150 150 150
11.1 13.1 14.3 13.2 11.6 11.7
1.6 1.7 2.1 7.8 1.6 1.6

11 47 12 47 11 i1

1 2 1 2 1 1
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP PEP New New

Magnet designation 4022 4Q22 4Q22 4Q22 4Q18 4Q18
Lattice designation QDS21 QDS21E QDS22 QDS22E QDS2L QDS2R
Number of magnets 1 4 1 4 1 1
Operating gradient [T/m] 7.19 7.72 717 17 8.68 8.76
Pole-tip field @ operating gradient [T] 0.359 0.386 0.358 0.385 0.434 0.438
Gradient-length product [T] 3.95 425 3.94 4.24 3.90 3.94
Inscribed radius {in.] 1.968 1.968 1.968 1968 . 1.968 1.968
Minimum gap {in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length (in.] 19.69 19.69 19.69 19.69 15.75 15.75
Magnetic length [in.] 21.65 21.65 21.65 21.65 17.72 17.72
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width [in.] 13.35 13.35 13.35 13.35 1335 13.35
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 2898 2898 2898 2898 2318 2318
Amp-turns per pole @ 9 GeV 7140 7672 7119 7656 8621 8701
Turns per pole 57 57 57 57 57 57
Pancakes per pole » 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5%0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 125 135 125 134 151 153
Resistance @ 40°C [mQ] 82 82 82 82 72 72
‘Power @ 9 GeV [kW] 1.3 1.5 1.3 1.5 1.7 1.7
Voltage drop @ 9 GeV [V] 10.3 11.1 10.3 11.1 109 11.0
Coil weight [1b] - 282 282 282 282 248 248
Number of water circuits 1 1 1 1 1 1
Water flow rate [gpm] 05 - 05 0.5 05 0.6 0.6
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 94 10.9 94 109 11.3 11.5
Total power (magnets and bus) [kW] 1.3 6.0 1.3 5.9 1.7 1.7
Total voltage [V] 10 44 10 44 11 11
Magnet system water requirements (gpm] 1 2 1 2 1 1
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP PEP PEP PEP

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m]

Pole-tip field @ operating gradient [T]
Gradient-length product [T]
Inscribed radius [in.]

Minimum gap [in.]

Core length [in.]

Magnetic length [in.}

Lamination height {in.]

Lamination width {in.]

Packing factor, minimum [%]

Core weight [Ib]

Amp-turns per pole @ 9 GeV

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Conductor dimensions [in.]

Cooling hole diameter [in.]

Current @ 9 GeV [A]

Resistance @ 40°C [mQ]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [1b]

Number of water circuits

Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C] )
Total power (magnets and bus) [kW]
Total voltage [V]

Magnet systemn water requirements [gpm]

4Q22  4Q22 4Q22 4Q22 4Q22 4Q22
QDS31 QDS31E QDS32 QDS32E - QDS3L QDS3R
1 4 1 4 1 1
7.33 7.33 7.33 7.33 7.33 7.33
0.366 0366  0.366 0.366 0.366 0.366
4.03 4.03 4.03 4.03 4.03 4.03
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
19.69 19.69 19.69 19.69 19.69 19.69
21.65 21.65 21.65 21.65 21.65 21.65
13.98 13.98 13.98 13.98 13.98 13.98
13.35 13.35 13.35 13.35 13.35 13.35
98 98 98 98 98 98
2898 2898 2898 2898 2898 2898
7280 7280 7280 7280 7280 7280
57 57 57 57 57 57
1 1 1 1 1 1
0.197 0.197 0.197 0.197 0.197 0.197
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 05x0.5 0.5%x0.5
0.25 0.25 0.25 0.25 0.25 0.25
128 128 128 128 128 128
82 82 82 82 82 82
1.3 1.3 1.3 1.3 1.3 1.3
10.5 10.5 10.5 10.5 10.5 10.5
282 282 282 282 282 282

1 1 1 1 1 1
0.5 0.5 0.5 0.5 05 0.5
150 150 150 150 150 150
9.8 9.8 9.8 9.8 9.8 9.8
1.3 5.4 13 54 13 1.3

11 42 11 42 11 11

1 2 1 2 1 1
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP New PEP
Magnet designation - 4Q29 4Q40 40Q40 4Q18 4040
Lattice designation QF QF7 QF1 QFO QFOIl
Number of magnets 60 2 2 16 2
Operating gradient [T/m)] 5.48 5.96 1.92 8.83 4.08
- Pole-tip field @ operating gradient [T] 0.274 0.298 0.096 0.441 0.204
Gradient-length product [T] 4.00 5.56 1.92 3.97 4.08
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457
Core length [in.] 26.77 37.40 37.40 15.75 37.40
Magnetic length [in.] 28.74 39.37 39.37 17.72 39.37
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98
Lamination width [in.] 13.35 13.35 13.35 13.35 13.35
Packing factor, minimum [%] 98 98 98 98 98
Core weight [1b] 3941 5506 5506 2318 5506
Amp-turns per pole @ 9 GeV 5450 5923 1905 8770 4054
Turns per pole 57 57 57 57 57
Pancakes per pole 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5%0.5 0.5x0.5 0.5x0.5 0.5%0.5 0.5x0.5
Cooling hole diameter [in.} 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 96 104 33 154 71
Resistance @ 40°C [mQ] 100 127 127 72 127
‘Power @ 9 GeV [kW] ' 0.9 14 0.1 1.7 0.6
Voltage drop @ 9 GeV [V] 9.6 132 43 11.1 9.1
Coil weight {Ib] 345 438 438 248 438
Number of water circuits 1 1 1 1 . 1
Water flow rate [gpm] 0.5 04 04 0.6 04
Water pressure drop [psi] 150 150 150 150 150
Temperature rise [°C] 7.5 12.7 1.3 11.7 6.0
Total power (magnets and bus) [kW] 55.0 2.8 0.3 273 1.3
Total voltage [V] ' 575 26 9 178 18
Magnet system water requirements [gpm] 28 1 1 9. 1

———e——
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP New PEP New PEP PEP

Magnet designation 4Q40 4Q18 4Q22 4Q18 4Q22 4Q22

Lattice designation QFP2 QFP4  QFP§ QFP8  QFS11 QFSI11E
Number of magnets 4 4 4 4 1 4
Operating gradient [T/m] 429 9.46 7.61 9.22 9.48 8.06
Pole-tip field @ operating gradient [T] 0.214 0473 0.380 0.461 0474 0.403
Gradient-length product [T] 4.29 4.26 4.19 4.15 5.22 4.43
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 37.40 15.75 19.69 15.75 19.69 19.69
Magnetic length [in.] 39.37 17.72 21.65 17.72 21.65 21.65
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width {in.] 13.35 13.35 13.35 13.35 13.35 13.35
Packing factor, minimum {%] 98 98 98 98 98 98
Core weight [Ib] 5506 2318 2898 2318 2898 2898
Amp-turns per pole @ 9 GeV 4259 9403 7561 9163 9423 8005
Turns per pole 57 57 57 57 57 57
Pancakes per pole » 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5x%0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 75 165 133 161 165 140
Resistance @ 40°C [mQ] 127 72 82 72 82 82
Power @ 9 GeV [kW] 0.7 2.0 15 19 23 1.6
Voltage drop @ 9 GeV [V] 9.5 11.9 109 11.6 13.6 11.6
Coil weight [Ib] - 438 248 282 248 282 282
Number of water circuits 1 1 1 1 1 1
Water flow rate [gpm] 0.4 0.6 0.5 0.6 0.5 0.5
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 6.6 134 10.6 12.7 164 11.9
Total power (magnets and bus) [kW] 2.8 7.9 5.8 75 22 6.5
Total voltage [V] 38 48 44 46 14 46
Magnet system water requirements [gpm] 2 2 2 2 1 2
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP PEP New New

Magnet designation 4Q22  4Q22 4Q22  4Q22 4Q18 4Q18
Lattice designation QFS12 QFSI2E QFSIL QFSIR QFS21 QFS21E
Number of magnets 1 4 1 1 1 4
Operating gradient [T/m]) 9.48 8.08 9.76 9.80 11.77 10.55
Pole-tip field @ operating gradient [T] 0.474 0.404 0.488 0.490 0.588 0.527
Gradient-length product [T] 522 444 5.37 5.39 5.30 475
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 19.69 19.69 19.69 19.69 15.75 15.75
Magnetic length [in.] 21.65 21.65 21.65 21.65 17.72 17.72
Lamination height [in.] . 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width {in.] 13.35 13.35 13.35 13.35 13.35 13.35
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 2898 2898 2898 2898 2318 2318
Amp-turns per pole @ 9 GeV 9423 8025 9696 9742 11695 10479
Turns per pole 57 57 57 57 57 57
Pancakes per pole . 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5%0.5 0.5x0.5 0.5x0.5 0.5%0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 165 141 170 171 205 184
Resistance @ 40°C [mQ] 82 82 82 82 72 72
‘Power @ 9 GeV [kW] 23 1.6 24 24 3.0 24
Voltage drop @ 9 GeV [V] 13.6 11.6 14.0 14.1 14.8 13.3
Coil weight [Ib] - 282 282 282 . 282 248 248
Number of water circuits 1 1 1 1 1° 1
Water flow rate [gpm)] 0.5 0.5 0.5 0.5 0.6 0.6
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 16.4 11.9 17.4 17.6 20.7 16.6
Total power (magnets and bus) [kW] 22 6.5 24 24 3.0 9.8
Total voltage [V] 14 46 14 14 15 53
Magnet system water requirements [gpm] 1 2 1 1 1 2
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5.1 Magnets and Supports

magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

NEW NEW  NEW NEW PEP PEP
Magnet designation 4Q18 4Q18 4Q18 4Q18 4Q29 4Q29
Lattice designation QFS22 QFS22E QFS2L QFS2R QFS31 QFS31E
Number of magnets 1 4 1 1 1 4
Operating gradient [T/m] 11.75 10.53 11.68 11.74 5.61 6.16
Pole-tip field @ operating gradient [T] 0.588 0.526 0:584 0.587 0.280 0.308
Gradient-length product [T} 5.29 474 5.26 5.28 4.10 4.49
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.75 15.75 15.75 15.75 26.77 26.77
Magnetic length [in.] 17.72 17.72 17.72 17.72 28.74 28.74
Lamination height [in.] 13.98 13.98 13.98 13.98 13.98 13.98
Lamination width [in.] 13.35 13.35 13.35 13.35 13.35 13.35
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 2318 2318 2318 2318 3941 3941
Amp-turns per pole @ 9 GeV 11678 10465 11605 11666 5575 6117
Turns per pole 57 57 57 57 57 57
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5%0.5
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 205 184 204 205 98 107
Resistance @ 40°C [m£2] 72 72 72 72 100 100
Power @ 9 GeV [kW] 3.0 24 3.0 3.0 1.0 12
Voltage drop @ 9 GeV [V] 14.8 133 147 14.8 9.8 10.8
Coil weight [Ib] 248 248 248 248 345 345
Number of water circuits 1 1 1 1 1 1
Water flow rate {gpm] 0.6 0.6 0.6 0.6 05 0.5
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 20.7 16.6 204 20.6 7.8 94
Total power (magnets and-bus) [kW] 3.0 9.7 3.0 3.0 10 4.6
Total voltage [V] 15 53 15 15 10 43
Magnet system water requirements {gpm] 1 2 1 1 0 2
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Table 5-2. HER quadrupole parameters. The column heads indicate whether the
magnets are refurbished PEP quadrupoles or newly constructed magnets (continued).

PEP PEP PEP PEP NEW NEW

Magnet designation 4Q29 4Q29 4Q29 4Q29 4Q60 4Q60

Lattice designation QFS32 QFS32E QFS3L QFS3R QD4 QF5
Number of magnets 1 4 1 1 2 2
Operating gradient [T/m] 5.62 6.16 5.61 5.62 7.37 6.00
Pole-tip field @ operating gradient [T] 0.281 0308  0.281 0.281 0.369 0.300
Gradient-length product [T] 4.10 4.50 4.10 4.10 11.556  9.403
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 26.77 2677 26.77 26.77  60.72 60.72
Magnetic length [in.] 28.74 28.74  28.74 2874 6170 61.70
Lamination height [in.] 13.98 13.98 13.98 13.98 10.5 10.5
Lamination width [in.] 13.35 13.35 13.35 1335 10.5 10.5
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [Ib] 3941 3941 3941 3941 5465 5465
Amp-tumns per pole @ 9 GeV 5579 6123 5577 5579 7339 5961
Turns per pole 57 57 57 57 12 12
Pancakes per pole , 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.197 0.197 0.197 0.197 0.197 0.197
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5%x0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.25 025 0.25 0.25 0.25 0.25
Current @ 9 GeV [A] 98 107 98 98 611.6 497
Resistance @ 40°C [mQ] 100 100 100 100 43.8 43.8
“Power @ 9 GeV [kW] 1.0 12 1.0 1.0 164 10.8
Voltage drop @ 9 GeV [V] 9.8 10.8 9.8 9.8 26.8 21.8
Coil weight [Ib] - 345 345 345 345 125 125
Number of water circuits 1 1 1 1 4 4
Water flow rate [gpm] 0.5 0.5 0.5 0.5 4.8 4.8
Water pressure drop [psi] 150 150 150 150 50 50
Temperature rise [°C] 7.8 9.4 7.8 7.8 13 8.6
Total power (magnets and bus) [kW] 1.0 4.6 1.0 1.0 328 216
Total voltage [V] ’ 10 43 10 10 54 44
Magnet system water requirements [gpm)] o - 2 0 0 9.6 9.6
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5.1.1.3 Sextupoles. For chromaticity correction in the PEP-II HER, 144 sextupoles
are required; all are from PEP. The nominal operating point of the HER is quite similar to
that of PEP, and since the sextupoles were designed for 18-GeV operation, they have
ample margin for any reasonable HER operating parameters. The dimensions of the
sextupole are shown in Fig. 5-3, and the electrical characteristics for the various sextupole
types at the nominal HER energy are summarized in Table 5-3. Coil design and insulation
are the same as for the dipoles and quadrupoles, discussed above.
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Fig. 5-3. End and side views of a PEP/HER sextupole rhagnet. Dimensions are given in
inches. :
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Table 5-3. HER sextupole pararheters.

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m2)

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius [in.]

Core length [in.]

Magnetic length [in.]

Core weight [1b}

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area {in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [mQ]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [1b}

Number of water circuits

Water flow rate fgpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]

Total voltage [V]

Total systemn water requirements [gpm]

10SD
SD
48

' 79.654

0.143
10.40
2.362
8.071
10.041
170
2269
24

0.375
0.125
0.127
94.5
49.6
31
0.3
3.0
44
1
0.2
150
59
20.1
145.0
13.0

10 SF
SF
43

42.029

0.076

5.49

2.362

8.071

10.041
170

1197
24

1

0.375

0.125

0.127

49.9

49.6
31
0.1
1.6
44

1
0.2
150
1.6
5.6

74.8

13.0

10SD
SD6
1
61.903
0.111
8.08
2.362
8.071
10.041
170
1763
24
1
0.375
0.125
0.127
73.5
49.6
31
0.2
23
44
1
0.2
150
36
0.3
23
04

10 SF
SF6
1
96.006
0.173
12.54
2.362
8.071
10.041
170
2735
24
1
0.375

70.125

0.127

114.0

49.6
31
04
3.6

0.2
150
8.6
0.8
3.6
04

10SD
SD5
1
60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
71.3
49.6
31
0.2
22

02
150
33
03
22
04

10 SF
SF5
1
54.908
0.099
7.17
2.362
8.071
10.041
170
1564
24
1
0.375
0.125
0.127
65.2
49.6
31
0.1
20

0.2
150
2.8
0.3
2.0
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m2]
Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius {in.]
Core length [in.]

Magnetic length {in.}

Core weight [1b]

Amp turns per pole

. Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [mQ]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [Ib]

Number of water circuits

Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [‘5C]

Total magnet power [kW]

Total voltage [V]

Total system water requirements [gpm]

10 SD
SD4
1
105.073
0.189
13.72
2.362
8.071
10.041
170
2993
24
1
0.375
0.125
0.127
1247
49.6
31.29
0.49
3.9

0.18
150
10.3
1.0
3.9
0.4

10 SF
SF4
1
11.618
0.021
1.52
2.362
8.071
10.041
170
331
24
1
0.375
0.125
0.127
13.8
49.6
31.29
0.01
04
4
1
0.18
150
0.1
0.0
04
04

10SD
SDé6
1
61.903
0.111
8.08
2.362
8.071
10.041
170
1763
24
1
0.375
0.125
0.127
73.5
49.6
31.29
0.17
23
4
1
0.18
150
3.6
0.3
23
04

10 SF
SF6
1
96.006
0.173
12.54
2.362
8.071
10.041
170
2735
24
1
0.375
0.125
0.127
114.0
49.6
31.29
041
3.6
4
1
0.18
150
8.6
038
3.6
04

10 SD
SD5

60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
71.3
49.6
31.29
0.16
22
4
1
0.18
150
33 .
03
22
04

10 SF
SF5

54.908
0.099
7.17
2.362
8.071
10.041
170
1564
24

0.375
0.125
0.127
65.2
49.6
31.29
0.13
2.0

0.18
150
2.8
0.3
2.0
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation : 10SD 10SF 10SD 10SF
Lattice designation ~SD4 SF4 SD6A  SF6A
Number of magnets ‘ 1 1 1 1
Operating gradient [T/m2] 105.073 11.618 150.104 75.742
Pole-tip field @ operating gradient [T] 0.189 0.021 0.270 0.136
Integrated strength @ 9 GeV [T/m] 13.72 1.52 19.60 9.89
Aperture inscribed radius [in.] 2.362 2362  2.362 2.362
Core length [in.] 8.071 8.071 8.071 8.071
Magnetic length [in.] 10.041 10.041 10041 10.041
Core weight [1b] 170 170 170 170
Amp turns per pole 2993 331 4276 2158
Turns per pole 24 24 24 24
Pancakes per pole 1 1 1 1
Square conductor dimensions [in.] 0.375 0.375 0.375 0.375
Cooling hole diameter [in.] 0.125 0.125 0.125 0.125
Conductor cross-sectional area [in.2] 0127 0127 0127 0.127
Current @ 9 GeV [A] 124.7 13.8 178.2 89.9
Coil length/pole [ft] 49.6 49.6 49.6 49.6
Resistance @ 40°C [mQ] 31.29 31.29 3129 31.29
Power @ 9 GeV [kW] 0.49 0.01 0.99 0.25
Voltage drop @ 9 GeV [V] 39 04 5.6 2.8
Coil weight [1b] 4 44 44 44
Number of water circuits 1 1 1 1
Water flow rate [gpm] 0.18 0.8 0.18  0.18
Water pressure drop [psi] 150 150 150 150
Temperature rise [°C] 10.3 0.1 209 53
Total magnet power [kW] 1.0 _ 00 20 0.5
Total voltage [V] 39 04 5.6 2.8
Total system water requirements [gpm]) 04 0.4 04 04

10SD
SDSA

60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
713
49.6
31.29
0.16
22
4
1
0.18
150
33 .
03
22
04

10 SF
SF5A
1
107.835
0.194
14.08
2.362
8.071
10.041
170
3072
24
1
0.375
0.125
0.127
128.0
496 °
31.29
0.51
4.0

0.18
150

10.8
1.0

40
0.4
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m2]

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius [in.]

Core length [in.]

Magpnetic length [in.]

Core weight {Ib]

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [mQ]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [Ib]

Number of water circuits

Water flow rate [gpm)]

Water pressure drop [psi]
Temperature rise [‘5C]

Total magnet power [kW]

Total voltage [V]

Total system water requirements [gpm]

10SD
SD4A
1
150.104
0.270
19.60
2.362
8.071
10.041
170
4276
24
1
0.375
0.125
0.127
178.2
49.6
31.29
0.99
5.6

0.18
150
20.9
20
5.6
04

10 SF
SF4A
1
13.659
0.025
1.78
2.362
8.071
10.041
170
389
24
1
0.375
0.125
0.127
16.2
49.6
31.29
0.01
0.5

0.18
150
0.2
0.0
0.5
0.4

10SD
SD6A
1
150.104
0.270
19.60
2.362
8.071
10.041
170
4276
24
1
0.375
0.125
0.127
178.2
49.6
31.29
0.99
5.6

0.18
150
209
20
5.6
04

10 SF
SF6A
1
75.742
0.136
9.89
2.362
8.071
10.041
170
2158
24
1
0.375
0.125
0.127
89.9
49.6
31.29
0.25
28
4
1
0.18
150
53
0.5
28
0.4

10 SD
SD5A

60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
713
49.6
31.29
0.16
2.2
44
1
0.18
150
33.
03
2.2
04

10 SF
SF5A
1
107.835
0.194
14.08
2.362
8.071
10.041
170
3072
24
1
0.375
0.125
0.127
128.0
49.6
31.29
0.51
4.0

0.18
150
10.8
1.0
4.0
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m?]

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius {in.]

Core length [in.]

Magnetic length [in.]

Core weight [Ib]

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions {in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV {A]

Coil length/pole [ft]

Resistance @ 40°C [mQ]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [Ib]

Number of water circuits

Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]

Total voltage [V]

Total system water requirements [gpm]

10SD

SD4A

1
150.104
0.270
19.60
2.362
8.071
10.041
170
4276
24
1
0.375
0.125
0.127
178.2
49.6
31.29
0.99
5.6

0.18
150
209
20
5.6
04

10 SF
SF4A
1
13.659
0.025
1.78
2.362
8.071
10.041
170
389
24
1
0.375
0.125
0.127
16.2
49.6
31.29
0.01
0.5
4
1
0.18
150
0.2
0.0
0.5
04

10 SD
SD1A
1
130.921
0.236

17.10
2.362
8.071
10.041
170
3730
24
1
0.375
0.125
0.127
155.4
49.6
31.29
0.76
49
44
1
0.18
150
15.9
1.5
49
04

10 SF
SF1A
1
17.952
0.032
234
2.362
8.071
10.041
170
511
24
1
0.375
0.125
0.127
213
49.6
31.29
0.01
0.7
44
1
0.18
150
03
0.0
0.7
04

10SD
SD2A
1

10 SF
SF2A
1

150.104 86.190

0.270
19.60
2.362
8.071

-10.041

170
4276
24
1
0375
0.125
0.127
178.2
49.6
31.29
0.99
5.6
44
1
0.18
150
209
2.0
56
0.4

0.155
11.26
2362
8.071
10.041
170
2455
24
1
0.375
0.125
0.127
102.3
49.6

- 31.29

0.33
32

0.18
150
6.9
0.7
32
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m2)

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius [in.]

Core length [in.]

Magnetic length [in.]

Core weight [Ib]

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [mQ2]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [1b]

Number of water circuits

Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [é’C]

Total magnet power [kW]

Total voltage [V]

Total system water requirements [gpm]

10SD
SD3A
1
2.000
0.004
7.84
2.362
8.071
10.041
170
57
24
1
0.375
0.125
0.127
24
49.6
31.29
0.00
0.1

0.18
150
0.0
0.0
0.1
04

10 SF
SF3A
1
90.062
0.162
11.76
2.362
8.071
10.041
170
2566
24
1
0.375
0.125
0.127
106.9
49.6
31.29
0.36
33
44
1
0.18
150
7.5
0.7
33
04

10 SD
SD1A
1
130.921
0.236
17.10
2.362
8.071
10.041
170
3730
24
1
0.375
0.125
0.127
155.4
49.6
31.29
0.76
49
44
1
0.18
150
159
1.5
49
04

10 SF
SF1A
1
17.952
0.032
2.34
2.362
8.071
10.041
170
511
24
1
0.375
0.125
0.127
213
49.6
31.29
0.01
0.7
44
1
0.18
150
03
0.0
0.7
04

10 SD
SD2A
1
150.104
0.270
19.60
2.362
8.071
10.041
170
4276
24
1
0.375
0.125
0.127
1782
49.6
31.29
0.99
5.6
44
1
0.18
150
20.9
2.0
56
04

10 SF
SF2A

86.190
0.155
11.26
2.362
8.071

10.041

170
2455
24

0.375
0.125
0.127
102.3
49.6
31.29
033
32

0.18
150
6.9
0.7
32
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m?2]

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
’Aperture inscribed radius [in.]

Core length [in.]

Magnetic length [in.]

Core weight [1b]

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [m€]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [1b]

Number of water circuits

Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]

Total voltage [V]

Total system water requirements [gpm]

10 SD
SD3A
1
60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
71.3
49.6
31.29
0.16
22

0.18
150
33
03
22
04

10 SF
SF3A
1
90.062
0.162
11.76
2.362
8.071
10.041
170
2566
24
1
0.375
0.125
0.127
106.9
49.6
31.29
0.36
33
44
1
0.18
150
7.5
0.7
33
04

10 SD
SD1
1
104.863
0.189
13.70
2.362
8.071
10.041
170
2987
24
1
0.375
0.125
0.127
124.5
49.6
31.29
0.48
39
44
1
0.18
150
10.2
1.0
39
04

10 SF
SF1
1
5.674
0.010
0.74
2.362
8.071
10.041
170
162
24
1
0.375
0.125
0.127
6.7
49.6
31.29
0.00
0.2

0.18
150
0.0
0.0
0.2
0.4

10SD
SD2
1
105.073
0.189
13.72
2.362
8.071
10.041
170
2993
24
1
0.375
0.125
0.127
124.7
49.6
31.29
0.49
39

0.18
150
103
10
39
04

10 SF
SF2

78.654
0.142
10.27
2.362
8.071

10.041

170
2241
24

0.375
0.125
0.127
934
49.6
31.29
0.27
29

0.18
150
57
0.5
29
04
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m2]

Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius [in.]

Core length {in.]

Magnetic length [in.]

Core weight {Ib]

Amp turns per pole

Turns per pole

Pancakes per pole

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area {in.2]
Current @ 9 GeV [A]

Coil length/pole [ft]

Resistance @ 40°C [mQ2]

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [Ib]

Number of water circuits

Water flow rate {[gpm]

Water pressure drop [psi]
Temperature rise [‘5C]

Total magnet power [kW]

Total voitage [V]

Total system water requirements [gpm]

10 SD
SD3
1
60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
71.3
49.6

0.05
0.6

0.18
150
1.0
0.1
0.6
0.4

10 SF
SF3
1
90.272
0.162
11.79
2.362
8.071
10.041
170
2572
24
1
0.375
0.125
0.127
107.2
49.6
31.29
0.36
34
4
1
0.18
150
7.6
0.7
34
0.4

10SD
SD1
1
104.863
0.189
13.70
2.362
8.071
10.041
170
2987
24
1
0.375
0.125
0.127
124.5
49.6
31.29
0.48
39
44
1
0.18
150
10.2
1.0
39
04

10 SF
SF1
1
5.674
0.010
0.74
2.362
8.071
10.041
170
162
24
1
0.375
0.125
0.127
6.7
49.6
31.29
0.00
0.2

0.18
150
0.0
0.0
0.2
04

10 SD
SD2
1
105.073
0.189
13.72
2.362
8.071
10.041
170
2993
24
1
0.375
0.125
0.127
124.7
49.6
31.29
0.49
39

0.18
150
103
1.0
39
0.4

10 SF
SF2
1
78.654
0.142
10.27
2.362
8.071
10.041
170
2241
24
1
0.375
0.125
0.127
934
49.6
31.29
0.27
29

0.18
150
5.7
0.5
29
0.4
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Table 5-3. HER sextupole parameters (continued).

Magnet designation

Lattice designation

Number of magnets

Operating gradient [T/m?]
Pole-tip field @ operating gradient [T]
Integrated strength @ 9 GeV [T/m]
Aperture inscribed radius [in.]
Core length {in.]

Magnetic length [in.]

Core weight [1b]

Amp turns per pole

Turns per pole

Pancakes per pole -

Square conductor dimensions [in.]
Cooling hole diameter [in.]
Conductor cross-sectional area [in.2]
Current @ 9 GeV [A]

Coil length/pole [ft)

Resistance @ 40°C [mS2)

Power @ 9 GeV [kW]

Voltage drop @ 9 GeV [V]

Coil weight [1b]

Number of water circuits

Water flow rate {gpm]

Water pressure drop {psi]

' Temperature rise [°C]

Total magnet power [kW]
Total voltage [V]
Total system water requirements [gpm]

10SD
SD3
1
60.042
0.108
7.84
2.362
8.071
10.041
170
1710
24
1
0.375
0.125
0.127
71.3
49.6
31.29
0.16
22

0.18
150
33
0.3
22
04

10 SF
SF3
1
90.272
0.162
11.79
2.362
8.071
10.041
170
2572
24
1
0.375
0.125
0.127
107.2
49.6
31.29
0.36
34

0.18
150
7.6
0.7
34
04
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5.1.2 LER Magnets

All magnets for the LER will be newly constructed. However, the beam-stay-clear aperture
requirements for the LER are sufficiently similar to those of the HER (and PEP) that it is
justifiable to use the same magnet aperture dimensions. (It is worth noting here that a
review of the anticipated gas loads in both the HER and the LER indicates very little
difference between the two; this argues for the choice of a vacuum chamber of similar
aperture in the two rings.)

The main benefit of keeping the same magnet aperture is that the new LER magnets can
take advantage of the well-proven pole-tip profiles developed for PEP and PETRA (using
the computer program POISSON); that is, the magnets can be very similar to PEP magnets,
with only the external dimensions changed to reflect the lower field requirements at the
nominal 3.1-GeV operating point. In this way, we substantially reduce our R&D and
engineering costs.

The design of the new magnets will be optimized by minimizing the sum of the installed
capital cost plus ten years of operating cost at the design energy. This means that prudent
attention is paid to reducing power consumption. Despite this, the LER magnets use
proportionately more power than the PEP/HER magnets. This comes about because the
PEP magnets were optimized for 18-GeV operation, where the power consumption is
higher than at 9 GeV.

5.1.2.1 Dipoles. The LER dipole design was dictated by several considerations.
First, the LER magnets must be mounted above the HER. To minimize the weight that
must be rigidly supported, it is important to reduce the size of the dipoles considerably,
compared with the PEP design. Second, the problems with synchrotron-radiation-induced
gas desorption are eased considerably if the dipole is kept short enough to permit its
synchrotron radiation fan to exit the magnet completely (as discussed in detail in Section
5.2). Finally, the lattice parameters of the LER call for a relatively high emittance and short
damping times compared with what would result from a low-field bending magnet lattice.
Although we have chosen to provide wigglers to adjust these parameters, the choice of a
short, higher-field dipole helps to reduce the demands on the wigglers and to spread the
synchrotron radiation power around more of the ring.

The LER arc dipole magnet physical dimensions are shown in Fig. 5-4. The key
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Fig. 5-4. End and side views of the LER bending magnet. Dimensions are given in inches.
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dimensions are the core length of 14.92 in. and the gap of 2.8 in. The electrical properties
of the LER dipole at its nominal operating energy of 3.1 GeV are summarized in
Table 5-4.

To reduce production costs and to maximize magnet-to-magnet uniformity, the main
ring magnets for the LER are of laminated construction. The dipole magnets will be
constructed of one-piece laminations, 1/16-in. thick, punched from a decarburized,
annealed, low-carbon steel sheet, such as Armco special magnet steel. This material—
which has been used successfully for many accelerator applications, including those at PEP
and Fermilab—exhibits high saturation induction, modest coercive force, and low remanent
field. The estimated steel weight to manufacture the required 222 bending magnets is 250
tons.

Laminations will be punched with built-in fiducials to provide convenient external
references for alignment, as discussed in Section 5.3. In addition, for reasons explained
below, new witness marks will be introduced into the die at each heat-change to ensure
magnet uniformity. Particular attention will be paid to the wear on the die. The vendor will
be required to keep track of the number of laminations punched between die sharpenings
and to provide SLAC with sample laminations on a regular basis, so that in-house
inspections can be made to ensure that undue wear (>0.0005 in.) has not taken place on the
critical surfaces (thereby producing out-of-tolerance laminations).

The vendor responsible for stacking the laminations will be required to deburr and then
stack them, using laminations from consecutive heats. If this is done, the pattern generated
by the witness marks will be obvious upon visual inspection. If the observed pattern is
regular, the core will be acceptable, whereas an irregular pattern will indicate a lack of
quality control on the part of the manufacturer and will be sufficient cause for rejecting the
magnet core.

Laminations will be rotated after stacking each (approximately) 4-in. segment of the
core. In this way, errors due to the slight varjation in the thickness of the laminations will
be eliminated. (This thickness error, referred to as “crowning,” is well known to occur in
flat rolled sheet due to curvature in the rollers caused by forces generated during the
production of the sheet.) The precise number of laminations that are stacked before
performing such a rotation, which can only be determined when the number of heats is
known, will be sufficient to ensure that the regular periodicity of the witness marks is
retained.

The magnets operate at low fields, well below saturation, and thus are more sensitive to
core length than to the density of the lamination packing. Therefore, to maximize magnet-
to-magnet reproducibility, particular attention will be paid to the length of the core (rather
than its packing factor).

The magnet end-plates will be manufactured by numerically controlled mills and will
contain the necessary holes for mounting coil retainers and other such devices. Angle
plates welded to both the end-plates and the laminations will provide the torsional rigidity
necessary to stabilize the cores and prevent twisting or bending.

Magnet coils will be of water-cooled aluminum, extruded from billets using porthole
dies to provide continuous lengths up to several thousand feet. This technique obviates the
need to make joints in the coil, thus eliminating the possibility of leaks. The length of a
typical coil is about 150 ft, so there will be minimal waste at the end of each reel of
conductor. The estimated weight of one dipole, including coils, is 2200 Ib.
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Table 5-4. LER dipole parameters.

Magnet designation ) 2.8H18 2.8H40 2.8H24 2.8H29 2.8H24 2.8H98
Bending angle [deg] 1.875 3.657 0.321 2 1.329 6.925
Lattice designation "B B1 B2 B3 B4 B5
Number of magnets 192 8 2 4 2 2
Field [T] 0.752 0.660  0.097 0.481 0.400 0.500
Integrated field [T-m] 0.338 0.660  0.058 0.361 0.240 1.250
Pole width [in.] 8 8 8 8 8 8
Gap height [in.] 2.87 2.8 2.8 2.8 2.8 2.8
Core length [in.] 14.85 36.57 20.82 26.73 20.82 95.63
Magnetic length [in.] 17.72 3937 2362 29.53 23.62 98.43
Width of useful field, 0.1% [in.] 4.00 4.00 4.00 4.00 4.00 4.00
Lamination height [in.] 6.75 6.75 6.75 6.75 6.75 6.75
Lamination width [in.] 23 23 23 23 23 23
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 1,306 4,903 1,832 2,352 1,832 8,415
Amp-turns 21,804 18,665 2,731 13,614 11,308 14,142
Turns 36 36 36 36 36 36
Pancakes per pole 1 i 1 1 1 1
Conductor dimensions {in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] ’ 0.1875 0.1875 0.1875 0.1875 0.1875 0.1875
Conductor cross section [in.2] 022 0.22 0.22 0.22 0.22 0.22
Conductor length/pole [ft] 202 352 238 273 238 687
Current [A] 60568 51847 7587 378.18 314.12 392.83
Resistance @ 40°C [mQ] 24.4 425 28.7 33.0 28.7 829
Power [kW] 447 1142 0.08 2.36 1.42 6.39
Voltage drop [V] 7.4 20 1.1 6.2 45 16.3
Coil weight [Ib] 104 182 - 122 140 122 353
Number of water circuits 2 4 1 2 2 2
Water flow rate, total [gpm] 13 192 04 1.1 1.2 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 13.2 226 0.8 8.2 4.6 364
Total power (magnets and bus) [kW] 858 91.2 0.2 94 2.8 18.2
Total voltage (magnets and bus) [V] 1420 160 2 25 9 33
Total system water requirements (gpm) 248 15 1 4 2 1
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Table 5-4. LER dipole parameters (continued).

Magnet designation 2.8H49 2.8H28 2.8H12 2.8HS9
Bending angle [deg] 4973 1.5 0.166 10.048
Lattice designation ‘ B6 B7 B8 B9
Number of magnets ' 4 2 2 2
Field [T] 0.718 0451 0.100 1.209
Integrated field [T-m] 0.898 0.271 0.030 1.814
Pole width [in.] 8 8 8 8
Gap height [in.] 2.8 2.8 28 2.8
Core length [in.] 46.41 20.82 9.01 56.26
Magnetic length [in.] 49.21 23.62 11.81 59.06
Width of useful field, 0.1% [in.] 4.00 4.00 4.00 4.00
Lamination height [in.] 16 6.75 6.75 6.75
Lamination width [in.] 23 23 23 23
Packing factor, minimum [%] 96 98 98 98
Core weight [1b] 4,084 1,832 793 4,950
Amp-turns 20,313 3.1 2,825 34,199
Turns 36 36 36 96
Pancakes per pole 1 1 1 1
Conductor dimensions [in.] 0.5%x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Cooling hole diameter [in.] 0.1875 0.1875 0.1875 0.1875
Conductor cross section [in.2] 0.22 0.22 0.22 022
Conductor length/pole [ft] 392 238 167 1202
Current [A] 564.24 0.09 7847 35624
Resistance @ 40°C [mQ] 472 28.7 20.2 145.0
Power [kW)] 7.52 0.00 0.06 9.20
Voltage drop [V] 13.3 0.0 0.8 258
Coil weight [Ib] 201 122 86 617
Number of water circuits 2 2 2 4
Water flow rate, total [gpm] 09 1.2 14 2.1
Water pressure drop [psi] 150 150 150 150
Temperature rise [°C] 31.6 0.0 0.2 16.8
Total power (magnets and bus) [kW] 30 0.0 1.2 184
Total voltage (magnets and bus) [V] 53 0.0 2 52
Total system water requirements (gpm) 4 2 3 4
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5.1 Magnets and Supports

5.1.2.2 Quadrupoles. The standard LER quadrupole has a length of 17.0 in. and a
bore diameter of 3.937 in.; its physical dimensions are shown in Fig. 5-5. The electrical
properties of the quadrupoles corresponding to the nominal energy are summarized in
Table 5-5.

The LER quadrupoles will be constructed, and the laminations handled, in the same
manner described for the dipole magnets, except that they will use four-piece construction.
The anticipated weight of steel is larger than that for the dipoles, about 550 tons, thus
requiring more heats (about eight rather than five).

The design will include numerically machined end-plates with predrilled holes to mount
the beam position monitors. These end-plates will be used to sandwich the laminations
together. As with the dipoles, angles welded to the corners of the laminations will provide
the required torsional rigidity and stiffness. Four cores, fitted with water-cooled aluminum
coils approximately 180 ft long and extruded by the same technique as used for the bending
magnets, will be bolted together to form one quadrupole weighing an estimated 2000 1b.

[ € 23.750 —— >

<—— 21.000 ——>
(__10_500_)‘ |e———— 17.000 ——>»|

€ 21.824 ———>

©3.937
i bore

N\

Fig. 5-5. End and side views of an LER quadrupole magnet. Dimensions are given in
inches. '
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Table 5-5. LER quadrupole parameters.

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [1b]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2)
Cooling hole diameter [in.] ‘

Conductor dimensions {in.]
Conductor length/pole [ft]
Current [A]
Resistance @ 40°C [mQ]

- Power [kW]
Voltage drop [V]
Coil weight [Ib]
Number of water circuits
Water flow rate [gpm]
Water pressure drop [psi]
Temperature rise [°C]
Total magnet power [kW]
Total magnet water requirements [gpm]

4Q17 4Q17  4Q17  4Q40  4Q40  4Q40
Arc Arc R2 R2 R2 R2
QF QD IQF1 IQD2 IQF3  IQD4
74 80 2 2 2 2
455 450 712 5.04 453 5.05
0227 0225 035 0252 0226 0.253
1.96 1.93 3.06 504 4529 505
1968 1968 1968 1968 1968  1.968
1457 1457 1457 1457 1457 1457
1595 1595 1595 3839 3839  38.39
1693 1693 1693 3937 3937 3937
11:88 1188 1188 1398 1398  13.98
1050 1050 1050 1335 1335 1335
98 98 98 98 98 98
1786 1786 1786 6142 6142 6142
4521 4467 7075 5006 4500 5022
37 37 37 56 56 56
1 1 1 1 1 1
0.198  0.198 0198 0198 0.198  0.198
0.25 0.25 0.25 0.25 0.25 0.25
0.5x0.5 0.5x0.5 0.5x0.5 0.5%x0.5 0.5x0.5 0.5%x0.5
176 176 176 476 476 476
122 121 191 89 80 90
47 47 47 127 127 127
0.70 0.69 1.72 1.02 0.82 1.02
58 5.7 9.0 114 10.2 11.4
81.4 81.4 814 2202 2202 2202
1 1 1 1 1 1
07 _ 07 0.7 0.4 04 0.4
150 150 150 150 150 150
3.80 3.71 9.32 9.43 7.62 9.49
52.0 54.8 3.4 2.0 1.6 2.0
51.9 56.1 14 0.8 0.8 0.8
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Table 5-5. LER quadrupole parametersr(continued ).

Magnet designation
Location in ring

Lattice designation
Number of magnets
Operating gradient [T/m]

Pole-tip field @ operating gradient [T]

Gradient length product {T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [1b]
Amp-turns per pole

Turns per pole

Pancakes per pole
Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ]
Power [kW]

Voltage drop [V]

Coil weight [1b]

Number of water circuits
Water flow rate [gpm]
Water pressure drop [psi]
Temperature rise [°C]
Total magnet power [kW]

Total magnet water requirements [gpm]

4Q17  4Q40 4Q40  4Q40 4Q40 4Q17
R2 R2 R2 R2 R2 R2
IQF5 IQF6  IQD7 IQF8 IQDS IQDI10
2 2 2 2 2 4
10.35 5.20 5.98 9.80 7.31 7.12
0.517 0260  0.299 0490 0365 0.356
4.45 5.20 5.98 9.80 7.31 3.06
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
15.95 3839  38.39 38.39 38.39 15.95
16.93 39.37 3937 39.37 39.37 16.93
11.88 13.98 11.88 13.98 13.98 11.88
10.50 13.35 10.50 13.35 13.35 10.50
98 98 98 98 98 98
1786 6142 4299 6142 6142 1786
10285 5163 5942 9739 7261 7079
37 56 56 56 56 37
1 1 1 1 1 1
0.198 0.198  0.198 0.198  0.198 0.198
0.25 0.25 0.25 025 0.25 0.25
0.5x0.5 0.5x0.5 05x0.5 05x0.5 0.5x0.5 0.5%0.5
176 476 476 476 476 176
278 92 106 174 130 191
47 127 127 127 127 47
3.63 1.08 1.43 385 2.14 1.72
13.1 11.7 13.5 22.1 16.5 13.1
814 2202 220.2 2202 2202 814
1 2 2 4 2 1
0.7 1.2 1.2 35 12 0.7
150 150 150 150 150 150
19.69 3.45 4.57 422 6.82 9.33
73 22 29 7.7 43 6.9
14 24 24 6.9 24 2.8
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Table 5-5. LER quadrupole parameter§ (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [Ib}

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ2]
Power [kW]

Voltage drop [V]

Coil weight [Ib]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]
Total magnet water requirements [gpm}

4Q17 4Q17  4Q17  4Q40  4Q17  4Q17
R2 R2 R2 R2 R2 R2
IQF11 IQDI12 IQDI3 IQF14 IQD15 IQF16
4 2 2 2 2 2
1175 1046 704 825 587 1921
0587 0523 0352 0413 0293 0960
505 450 303 825 252 826
1968 1968 1968 1968 1968  1.968
1457 1457 1457 1457 1457 1457
1595 1595 1595 3839 1595 1595
1693 1693 1693 3937 1693 1693
11.88 1188 11.88 1398  11.88  11.88
1050 1050 1050 1335 1050  10.50
98 98 98 98 98 98
178 1786 1786 6142 1786 1786
11670 10388 6991 8200 5834 19084
37 37 37 56 37 37
1 1 1 1 1 1
0198 0.198 0198 0198 0.198  0.198
025 025 025 025 025 025
0.5x0.5 0.5%0.5 0.5%0.5 0.5%0.5 0.5x0.5 0.5x0.5
176 176 176 476 176 176
315 281 189 146 158 516
47 47 47 127 47 47
468 371 168 273 117 1251
148 132 8.9 18.6 74 243
814 814 814 2202 814 814
2 2 1 2 1 4
2.0 2.0 0.7 12 0.7 59
150 150 150 150 150 150
872 691 910 870 633  8.02
18.7 74 3.4 55 23 25.0
82 4.1 14 24 14 119
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Table 5-5. LER quadrupole parameter;s' (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m}
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius {in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width {in.]
Packing factor, minimum [%]
Core weight [1b]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area {in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ]
Power (kW]

Voltage drop [V]

Coil weight [1b]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]
Total magnet water requirements [gpm]

4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
. R2 R2 IRDS IRDS IRDS IRDS
IQD17 IQF18 QF1 QD2 QF3 QD4
2 2 2 2 2 2
10.54 8.89 7.07 6.33 5.18 3.46
0.527 0444  0.354 0.316 0.259 0.173
453 3.82 3.04 2.72 2.23 1.49
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
15.95 15.95 15.95 15.95 15.95 15.95
16.93 16.93 16.93 16.93 16.93 16.93
11.88 11.88 11.88 11.88 11.88 11.88
10.50 10.50 10.50 10.50 10.50 10.50
98 98 98 98 98 98
1786 1786 1786 1786 1786 1786
10469 8834 7027 6291 5147 3436
37 37 37 37 37 37
1 1 1 1 1 1
0.198 0.198 0.198 0.198 0.198 0.198
0.25 0.25 0.25 0.25 0.25 0.25
0.5x0.5 0.5x05 0.5%x0.5 0.5x0.5 0.5x0.5 0.5x0.5
176 176 176 176 176 176
283 239 190 170 139 93
47 47 47 47 47 47
3.76 2.68 1.70 1.36 0.91 041
13.3 11.2 8.9 8.0 6.5 44
81.4 81.4 81.4 81.4 81.4 81.4
2 2 1 1 1 1
2.0 20 0.7 0.7 0.7 0.7
150 150 150 150 150 150
7.02 5.00 9.19 7.37 493 220
7.5 54 34 27 1.8 0.8
4.1 4.1 14 14 14 14
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Table 5-5. LER quadrupole parameter& (continued).

Magnet designation ] 4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
Location in ring IR DS R4 R4 R4 R4 R4
Lattice designation "QF5 QDT4 QFT4 QDT3 QFT3 QDT2
Number of magnets 2 1 2 2 2 2
Operating gradient [T/m] 4.55 1.88 3.29 3.57 4.14 3.48
Pole-tip field @ operating gradient [T] 0227 0.094 0.165 . 0.178 0.207 0.174
Gradient length product [T] 1.96 0.81 142 1.53 1.78 1.50
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.95 15.95 15.95 1595 1595 15.95
Magnetic length [in.] 16.93 16.93 16.93 16.93 16.93 16.93
Lamination height [in.] 11.88 11.88 11.88 11.88 11.88 11.88
Lamination width [in.] 10.50 10.50 10.50 10.50 10.50 -~ 10.50
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [Ib] 1786 1786 1786 1786 1786 1786
Amp-turns per pole 4518 1870 3270 3542 4113 3460
Turns per pole 37 37 37 37 37 37
Pancakes per pole 1 1 1 1 1 1
Comductor cross-sectional area [in.2] 0.198 0.198 0.198 0.198 0.198 0.198
Cooling hole diameter [in.] ’ 0.25 0.25 0.25 0.25 0.25 0.25
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Conductor length/pole [ft] 176 176 176 176 176 176
Current [A] 122 51 88 96 111 94
Resistance @ 40°C [mQ] 47 47 47 47 47 47
Power [kW] 0.70 0.12 0.37 043 0.58 041
Voltage drop [V] 5.7 24 42 4.5 52 44
Coil weight [Ib] 814 814 814 814 814 814
Number of water circuits 1 1 1 1 1 1
Water flow rate [gpm] 0.7 -07 0.7 0.7 07 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 3.80 0.65 1.99 2.34 3.15 2.23
Total magnet power [kW] 14 0.1 0.7 0.9 12 0.8
Total magnet water requirements [gpm] 14 0.7 14 14 14 14
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation ' 4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
Location in ring ‘R4 R4 R4 R3 R3 R3
Lattice designation QFT2 QDTI QFT1 QF1 QD1 QF2
Number of magnets 2 2 2 1 1 1
Operating gradient [T/m] 483 4.04 490 416  5.58 4.38
Pole-tip field @ operating gradient [T] 0.242 0.202 0.245 0.208 0.279 0.219
Gradient length product [T] 2.08 1.74 2.11 1.79 2.40 1.88
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.95 1595 15.95 15.95 15.95 15.95
Magnetic length [in.] 16.93 16.93 16.93 16.93 16.93 16.93
Lamination height [in.] 11.88 11.88 11.88 11.88 11.88 11.88
Lamination width [in.] 10.50 10.50 10.50 10.50 10.50 10.50
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [1b] 1786 1786 1786 1786 1786 1786
Amp-turns per pole 4801 4011 4871 4137 5544 4348
Turns per pole 37 37 37 37 37 37
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.198 0.198 0.198 0.198 0.198 0.198
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Conductor dimensions [in.] 05x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Conductor length/pole [ft] 176 176 176 176 176 176
Current [A] 130 108 132 112 150 118
Resistance @ 40°C [m] 47 47 47 47 47 47
Power [kW] 0.79 0.55 0.82 0.59 1.06 0.65
Voltage drop [V] 6.1 5.1 6.2 53 7.1 5.5
Coil weight [Ib] 81.4 81.4 81.4 814 814 814
Number of water circuits 1 1 1 1 1 - 1
Water flow rate [gpm] 0.7 07 0.7 0.7 0.7 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 429 3.00 442 3.19 5.72 3.52
Total magnet power [KW] ' 1.6 1.1 1.6 0.6 1.1 0.6
Total magnet water requirements [gpm] 14 14 14 0.7 0.7 0.7
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.)
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [Ib]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ)
Power [kW]

Voltage drop [V]

Coil weight [1b]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]
Total magnet water requirements [gpm]

4Q17 4Q17  4Q17  4Q17  4Q17  4Q17
R3 R3 R3 R3 R3 R6
QD2 QF3 QD3 QF4 QD4 QFWI
1 1 1 1 1 2
495 484 412 477 455 252
0247 0242 0206 0239 0227 0.126
213 208 177 205 196  1.08
1968 1968 1968 1968 1968  1.968
1457 1457 1457 1457 1457 1457
1595 1595 1595 1595 1595 1595
1693 1693 1693 1693 1693 1693
11.88 1188 11.88  11.88 1188  11.88
1050 1050 1050 1050 1050  10.50
98 98 98 98 98 98
1786 178 1786 1786 1786 1786
4917 4810 4097 4744 4520 2505
37 37 37 37 37 37
1 1 1 1 1 1
0198 0.198 0198 0198 0198  0.198
025 025 025 025 025 025
0.5%0.5 0.5%0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
176 176 176 176 176 176
133 130 111 128 122 68
47 47 47 47 47 47
083 079 058 077 070 022
63 6.1 52 6.0 57 32
814 814 814 814 814 814
1 1 1 1 1. 1
0.7 0.7 0.7 0.7 0.7 0.7
150 150 150 150 150 150
450 431 312 419 380 117
08 038 0.6 08 0.7 04
0.7 0.7 0.7 0.7 0.7 14
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation : 4Q17  4Q17 4Q17 4Q17 4Q17 4Q17
Location in ring "R6 R6 R6 R6 R6 R8
Lattice designation QDW2 QFW3 QFW4 QDW5 QFW6 QDI
Number of magnets 2 2 2 2 2 2
Operating gradient [T/m} 1.64 392 0.28 2.02 3.58 0.66
Pole-tip field @ operating gradient [T] 0.082 0.196 0.014 0.101 0.179 0.033
Gradient length product [T] 0.70 1.69 0.12 0.87 1.54 0.28
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.95 1595 15.95 1595 15.95 15.95
Magnetic length [in.] 16.93 16.93 16.93 16.93 16.93 16.93
Lamination height [in.] 11.88 11.88 11.88 11.88 11.88 11.88
Lamination width [in.] 10.50 10.50 10.50 10.50 10.50 10.50
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [Ib] 1786 1786 1786 1786 1786 1786
Amp-turns per pole 1628 3895 283 2009 3553 654
Turns per pole 37 37 37 37 37 37
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.198  0.198 0.198  0.198  0.198  0.198
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5%x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Conductor length/pole [ft] 176 176 176 176 176 176
Current [A] 44 105 8 54 96 18
Resistance @ 40°C [mQ] 47 47 47 47 47 47
Power [kW] - 0.09 0.52 0.00 0.14 043 0.01
Voltage drop [V] 21 5.0 04 2.6 45 0.8
Coil weight [Ib] 814 81.4 81.4 81.4 81.4 81.4
Number of water circuits 1 1 1 1 1. 1
Water flow rate [gpm] 0.7 . 07 0.7 0.7 0.7 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 0.49 2.82 0.01 0.75 2.35 0.08
Total magnet power (kW] 0.2 1.0 0.0 0.3 0.9 0.0
Total magnet water requiréments [gpm] 14 14 14 14 14 14
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [Ib]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ}
Power [kW]

Voltage drop [V]

Coil weight [1b]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]
Total magnet water requirements [gpm]

4Q17  4Q17 4Q17  4Q17 4Q17  4Q17

R8 R8 RS R10 R10 R10
- QFI QDOI QFOI QDT4A QFT4A QDT3A
2 2 2 1 2 2

147 2.34 4.17 1.88 3.29 3.57
0.074 0.117 0.208 0.094  0.165 0.178
0.63 1.01 1.79 0.81 142 1.53
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
1595 15.95 15.95 15.95 15.95 15.95
16.93 16.93 16.93 16.93 16.93 16.93
11.88 11.88 11.88 11.88 11.88 11.88
10.50 10.50 10.50 10.50 10.50 10.50
98 98 98 98 98 98
1786 1786 1786 1786 1786 1786
1464 2323 4138 1870 3270 3542
37 37 37 37 37 37
1 1 1 i 1 i
0.198 0.198 0.198 0.198 0.198 0.198
0.25 0.25 0.25 0.25 0.25 0.25
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
176 176 176 176 176 176

40 63 112 51 88 96
47 47 47 47 47 47
0.07 0.19 0.59 0.12 0.37 043
1.9 3.0 53 24 4.2 4.5
81.4 814 81.4 814 81.4 814
1 1 1 1 1. 1
0.7 0.7 0.7 0.7 0.7 0.7

150 150 150 150 150 150
0.40 1.00 3.19 0.65 1.99 2.34
0.1 04 12 0.1 0.7 0.9
14 14 14 0.7 14 14
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient {T/m)]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.}

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [Ib]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A]

Resistance @ 40°C [mQ]
Power [kW]

Voltage drop [V]

Coil weight [1b]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [kW]
Total magnet water requiréments {gpm]

4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
R10 R10 R10 R10 R10 RS
QFT3A QDT2A QFT2A QDT1A QFTIA  QF1
2 2 2 2 2 1
414 3.48 4.83 4.04 "4.90 4.16
0207 = 0.174 0.242 0.202 0.245 0.208
1.78 1.50 2.08 1.74 2.11 1.79
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
15.95 1595 15.95 15.95 15.95 15.95
16.93 16.93 16.93 16.93 16.93 16.93
11.88 11.88 11.88 11.88 11.88 11.88
10.50 10.50 10.50 10.50 10.50 10.50
98 98 98 98 98 98
1786 1786 1786 1786 1786 1786
4113 3460 4801 4011 4871 4137
37 37 37 37 37 37
1 1 1 1 1 1
0.198 0.198 0.198 0.198 0.198 0.198
0.25 0.25 0.25 0.25 0.25 0.25
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
176 176 176 176 176 176
111 94 130 108 132 112
47 47 47 47 47 47
0.58 0.41 0.79 0.55 0.82 0.59
52 44 6.1 5.1 6.2 53
81.4 81.4 81.4 81.4 81.4 81.4
1 1 1 1 1. 1
0.7 0.7 0.7 0.7 0.7 0.7
150 150 150 150 150 150
3.15 223 4.29 3.00 4.42 3.19
1.2 0.8 1.6 1.1 1.6 0.6
14 1.4 14 14 14 0.7
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation . 4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
Location in ring RS RS R5 R5 R5 RS
Lattice designation - QD1 QF2 QD2 QF3 QD3  QF4
Number of magnets 1 1 1 1 1 1
Operating gradient [T/m] 5.58 4.38 495 4.84 4.12 477
Pole-tip field @ operating gradient [T] 0.279 0.219 0.247 0.242 0.206 0.239
Gradient length product [T] 2.40 1.88 2.13 2.08 1.77 2.05
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1.457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.95 15.95 15.95 15.95 15.95 15.95
Magnetic length [in.] 16.93 16.93 1693 16.93 16.93 16.93
Lamination height [in.] 11.88 11.88 11.88 11.88 11.88 11.88
Lamination width [in.] 10.50 10.50 10.50 10.50 10.50 10.50
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [Ib} 1786 1786 1786 1786 1786 1786
Amp-turns per pole 5544 4348 4917 4810 4097 4744
Turns per pole 37 37 37 37 37 37
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.198 0.198 0.198 0.198 0.198 0.198
Cooling hole diameter [in.] 0.25 0.25 0.25 0.25 0.25 0.25
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Conductor length/pole [ft] 176 176 176 176 176 176
Current [A] 150 118 133 130 111 128
Resistance @ 40°C [mQ] 47 47 47 47 47 47
‘Power [kW] 1.06 0.65 0.83 0.79 0.58 0.77
Voltage drop [V] 7.1 5.5 6.3 6.1 52 6.0
Coil weight [Ib] 814 814 81.4 81.4 814 81.4
Number of water circuits 1 1 1 1 1 1
Water flow rate [gpm] 0.7 0.7 0.7 0.7 0.7 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 5.72 3.52 4.50 431 3.12 4.19
Total magnet power [kW] 1.1 0.6 0.8 0.8 0.6 0.8
Total magnet water requirements [gpm] 0.7 0.7 0.7 0.7 0.7 0.7
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation

Location in ring

Lattice designation

Number of magnets
Operating gradient [T/m)]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width [in.]
Packing factor, minimum [%]
Core weight [1b]

Amp-turns per pole

Turns per pole

Pancakes per pole

Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole {ft]
Current [A)

Resistance @ 40°C [mQ}]
Power [kW]

Voltage drop [V]

Coil weight [Ib]

Number of water circuits
Water flow rate [gpm]

Water pressure drop [psi]
Temperature rise [°C]

Total magnet power [KW]
Total magnet water requirements [gpm]

4Q17 4Q17  4Q17  4Ql7  4Q17  4Q17
RS R9 R9 R9 R9 R9
QD4 QFIA QDIA QF2A QD2A QF3A
1 1 1 1 1 1
455 416 558 438 495 484
0227 0208 0279 0219 0247 0242
196 179 240 188 213 208
1968 1968 1968 1968 1968  1.968
1457 1457 1457 1457 1457 1457
1595 1595 1595 1595 1595 1595
1693 1693 1693 1693 1693  16.93
11.88 11.88 11.88  11.88 11.88  11.88
1050 1050 1050 1050 1050  10.50
98 98 98 98 98 98
1786 1786 1786 1786 1786 1786
4520 4137 5544 4348 4917 4810
37 37 37 37 37 37
1 1 1 1 1 1
0198 0198 0.198 0.198 0.198  0.198
025 025 025 025 025 025
0.5x0.5 0.5%0.5 0.5x0.5 0.5%0.5 0.5x0.5 0.5%0.5
176 176 176 176 176 176
122 112 150 118 133 130
47 47 47 47 47 47
070  0.59 106 065 083  0.79
57 53 7.1 55 6.3 6.1
814 814 814 814 814 814
1 1 1 1 1. 1
0.7 0.7 07 0.7 0.7 0.7
150 150 150 150 150 150
380 319 572 352 450 431
0.7 0.6 1.1 0.6 08 0.8
0.7 0.7 0.7 0.7 0.7 0.7
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation 7 4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
Location in ring R9 R9 R9 R11 R11 R11
Lattice designation QD3A QF4A QD4A QFIA QD1A QF2A
Number of magnets | 1 1 1 1 1
Operating gradient [T/m] 4.12 4.77 4.55 4.16 5.58 4.38
Pole-tip field @ operating gradient [T] 0.206 0.239 0.227 0.208 0.279 0.219
Gradient length product [T] 1.77 2.05 1.96 1.79 240 1.88
Inscribed radius [in.] 1.968 1.968 1.968 1.968 1.968 1.968
Minimum gap [in.] 1457 1.457 1.457 1.457 1.457 1.457
Core length [in.] 15.95 15.95 15.95 15.95 1595 15.95
Magnetic length [in.] 16.93 16.93 16.93 16.93 16.93 16.93
Lamination height [in.] 11.88 11.88 11.88 11.88 11.88 11.88
Lamination width [in.] 10.50 10.50 10.50 10.50 10.50 10.50
Packing factor, minimum [%] 98 98 98 98 98 98
Core weight [ib] 1786 1786 1786 1786 1786 1786
Amp-turns per pole 4097 4744 4520 4137 5544 4348
Turns per pole 37 37 37 37 37 37
Pancakes per pole 1 1 1 1 1 1
Conductor cross-sectional area [in.2] 0.198 0.198 0.198 0.198 0.198 0.198
Cooling hole diameter [in.] : 0.25 0.25 0.25 0.25 0.25 0.25
Conductor dimensions [in.] 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
Conductor length/pole [ft] 176 176 176 176 176 176
Current [A] 111 128 122 112 150 118
Resistance @ 40°C [m£] 47 47 47 47 47 47
Power [kW] 0.58 0.77 0.70 0.59 1.06 0.65
Voltage drop [V] 5.2 6.0 5.7 53 7.1 55
Coil weight [1b] 81.4 814 814 814 814 814
Number of water circuits 1 1 1 1 1 1
Water flow rate [gpm] 0.7 0.7 0.7 0.7 0.7 0.7
Water pressure drop [psi] 150 150 150 150 150 150
Temperature rise [°C] 312 4.19 3.80 3.19 572 3.52
Total magnet power [kW] 0.6 0.8 0.7 0.6 1.1 0.6
Total magnet water requirements [gpm] 0.7 0.7 0.7 0.7 0.7 0.7
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation
Location in ring
Lattice designation
Number of magnets

Operating gradient [T/m]

Pole-tip field @ operating gradient {T]

Gradient length product [T]
Inscribed radius [in.}
Minimum gap (in.]

Core length [in.]

Magnetic length [in.]
Lamination height [in.]
Lamination width {in.]
Packing factor, minimum [%]
Core weight [lIb]
Amp-turns per pole

Turns per pole

Pancakes per pole
Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions [in.]
Conductor length/pole [ft]
Current [A}

Resistance @ 40°C [mQ]
Power [kW]

Voltage drop [V]

Coil weight [Ib]
Number of water circuits
Water flow rate [gpm]
Water pressure drop [psi]
Temperature rise [°C]
Total magnet power [kW]

Total magnet water requirements [gpm]

4Q17 4Q17 4Q17 4Q17 4Q17 4Q17
R11 RI11 R11 R11 RI11 RI12
QD2A QF3A QD3A QF4A QD4A QFWI1A
1 1 1 1 1 2
4.95 4.84 4.12 4.77 4.55 2.52
0.247 0.242 0.206 0.239 0.227 0.126
2.13 2.08 1.77 2.05 1.96 1.08
1.968 1.968 1.968 1.968 1.968 1.968
1.457 1.457 1.457 1.457 1.457 1.457
15.95 15.95 1595 15.95 15.95 15.95
16.93 16.93 16.93 16.93 16.93 16.93
11.88 11.88 11.88 11.88 11.88 11.88
10.50 10.50 10.50 10.50 10.50 10.50
98 98 98 98 98 98
1786 1786 1786 1786 1786 1786
4917 4810 4097 4744 4520 2505
37 37 37 37 37 37
1 1 1 1 1 1
0.198 0.198 0.198 0.198 0.198 0.198
0.25 0.25 0.25 0.25 0.25 0.25
0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5 0.5x0.5
176 176 176 176 176 176
133 130 111 128 122 68
47 47 47 47 47 47
0.83 0.79 0.58 0.77 0.70 0.22
6.3 6.1 5.2 6.0 57 32
81.4 814 81.4 81.4 814 81.4
1 1 1 1 1 1
0.7 0.7 0.7 0.7 0.7 0.7
150 150 150 150 150 150
4.50 431 312 4.19 3.80 1.17
0.8 0.8 0.6 0.8 0.7 04
0.7 0.7 0.7 0.7 0.7 14
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Table 5-5. LER quadrupole parameters (continued).

Magnet designation
Location in ring
Lattice designation
Number of magnets
Operating gradient [T/m]
Pole-tip field @ operating gradient [T]
Gradient length product [T]
Inscribed radius [in.]
Minimum gap [in.]
Core length [in.]
Magnetic length [in.]
Lamination height [in.]
Lamination width [in.)
Packing factor, minimum [%]
Core weight [1b]
Amp-turns per pole
Turns per pole
Pancakes per pole
Conductor cross-sectional area [in.2]
Cooling hole diameter [in.]
Conductor dimensions {in.]
Conductor length/pole [ft]
Current [A]
Resistance @ 40°C [mQ)

- Power [kW]

Voltage drop [V]
Coil weight [Ib]
Number of water circuits
Water flow rate [gpm]
Water pressure drop [psi]
Temperature rise [°C]
Total magnet power [kW]
Total magnet water requirements [gpm]

4Q17
R12

- QDW2A

2
1.64
0.082
0.70
1.968
1.457
1595
16.93
11.88
10.50
98
1786
1628
37
1
0.198
0.25
0.5x0.5
176

47
0.09
2.1
814

0.7
150
0.49
0.2
14

4Q17 4Q17 4Q17
R12 R12 R12
QFW3A QFW4A QDWSA
2 2 2
3.92 0.28 2.02
0.196 0.014 0.101
1.69 0.12 0.87
1.968 1.968 1.968
1457 - 1457 1.457
15.95 15.95 15.95
1693 16.93 16.93
11.88 11.88 11.88
10.50 10.50 10.50
98 98 98
1786 1786 1786
3895 283 2009
37 37 37
1 1 1
0.198 0.198 0.198
0.25 0.25 0.25
0.5%0.5  0.5%0.5  0.5x0.5
176 176 176
105 8 54
47 47 47
0.52 0.00 0.14
5.0 0.4 2.6
81.4 81.4 81.4
1 1 1
0.7 0.7 07
150 150 150
2.82 0.01 0.75
1.0 0.0 0.3
14 1.4 14

4Q17
R12
QFW6A

3.58
0.179
1.54
1.968
1.457
15.95
16.93
11.88
10.50
98
1786
3553
37

0.198
0.25
0.5%0.5
176
96
47
043
4.5
81.4

0.7
150
2.35
0.9
14
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5.1.2.3 Sextupoles. The LER sextupole physical dimensions are shown in Fig. 5-6.
These magnets have a length of 8.071 in. and a bore of 4.724 in. Their electrical
properties, corresponding to the nominal energy, are summarized in Table 5-6.

The LER sextupoles will be identical to the present PEP short (8-in.) sextupoles. This
will permit us to interchange magnets between the LER and HER, if necessary, and
minimizes the required number of spares. Manufacturing techniques will be the same as
those described above for the LER dipoles and quadrupoles, although the anticipated steel
requirement of about 50 tons will come from only a single heat. For this reason, witness
marks will not be needed for the sextupoles. Laminations will still be reversed
periodically, however, to account for the crowning referred to above.

Table 5-6. LER sextupole parameters.

Magnet designation 4.58 4.58 4.58 4.58
Lattice designation SF1 SD1. SX SY
Number of magnets 72 72 4 4
Operating gradient [T/m2] 25.62 45.60 113.75 186.13
Pole tip field @ operating gradient [T] 0.046 0.082 0.205 0.335
Integrated strength [T/m] 7.53 13.40 33.43 54.70
Aperture inscribed radius [in.] 2.362 2.362 2.362 2.362
Core length [in.] 8.071 8.071 8.071 8.071
Magnetic length [in.] 10.041 10.041 10.041 10.041
Core weight [1b] 170 170 170 170
“Amp-turns per pole 730 1299 3240 5302
Turns per pole 24 24 24 24
Pancakes per pole 1 1 1 1
Conductor cross-sectional area [in.2] ‘ 0.127 0.127 0.127 . 0.127
Cooling hole diameter [in.] 0.125 0.125 0.125 0.125
Conductor dimension [in.] 0.375 0.375 0.375 0.375
Current [A] 30.4 54.1 135.0 220.9
Resistance @ 40°C {mQ] 3 31 31 31
Power [kW] 0.03 0.09 0.57 1.53
Voltage drop [V] : 1.0 1.7 42 6.9
Coil weight [Ib] 44 44 44 44
Number of water circuits 1 1 1 1
Water flow rate [gpm] 0.2 0.2 0.2 0.2
Water pressure drop [psi] 150 150 150 150
Temperature rise [°C] 0.6 19 12.0 322
Total magnet power [kW] 2.1 6.6 23 6.1
Total voltage [V] 68.5 1219 16.9 27.6
Total system water requirements [gpm] 13.0 13.0 0.7 0.7
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Fig. 5-6. End and side views of the LER sextupole magnet. Dimensions are given in
inches.

5.1.3 Interaction Region Magnets and Supports

5.1.3.1 Permanent Magnets. Only the final focusing quadrupoles, Q1, and the
magnetic separation dipoles, B1, are located within 2 m of the interaction point (IP). At
these close distances, they will be inside the detector and immersed in its solenoidal
magnetic field. The only viable magnet technologies for such an environment are
superconducting or permanent magnets. A conventional electromagnet with iron pole tips
would have its iron saturated and its field distorted by the detector field. - For the IR
magnets, required field strengths and apertures are within the reach of modern rare-earth—
cobalt (REC) alloys, and superconducting technology is not demanded. For PEP-II, the
choice of a permanent-magnet design was based on the following characteristics of such
magnets:

* Their interaction with the external detector solenoid is minimal. Because magnetized
REC is a magnetically hard material with little free magnetic moment left over to
interact with external fields, it is magnetically transparent with a permeability u near
the yg of free space. In the standard Halbach configuration [Halbach, 1981] these
magnet assemblies project little external field to generate forces between the detector
solenoid and the REC assembly.

e They avoid the complexity, cost, and reliability problems inherent in cryogenic
operation.

» They are compact and avoid cryogenic plumbing and cryostats, both of which would
significantly reduce the detector acceptance solid angle.
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e They are nearly free of fringe fields that could otherwise complicate particle tracking
in the detector. '

» They avoid the safety aspects of superconducting systems; they will not quench—a
possible advantage in a high-current storage ring.

There are also drawbacks to our choice of permanent magnet technology. Foremost
among these is the fact that permanent magnets offer only a limited adjustment capability.
In our design, we have added trim windings on all permanent magnets in the IR to alleviate
this lack of flexibility. Other issues include the following:

* The field quality of a REC magnet depends on accurate magnetization of its
constituent blocks; special techniques and equipment must be developed to measure
block magnetization, and to assemble and adjust blocks.

» Strong demagnetizing external fields and high temperatures must be avoided if field

quality is to be preserved. Quadrupole and dipole fields are assembled from sector-

shaped REC blocks arrayed in a circle around the magnet aperture [Halbach, 1981].

Each block is magnetized in an appropriate direction so that the magnetic field varies

approximately as cos(N6) around the bore, where N = 1 for dipoles, N =2 for

quadrupoles, etc. The optimal compromise between the number of blocks, M, and

the field quality is to use M = 16 for a quadrupole and M = 8 for a dipole. These
configurations are shown in Fig. 5-7.

- The magnetic and mechanical properties of the PEP-II IR magnets are summarized in

(e
r%%\\\

(im0 )}

Q \,%<<<§<((§?>2>> )

Fig. 5-7. Field lines for an 8-block permanent magnet dipole (left) and a 16-block
quadrupole (right).
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Table 5-7. Magnetic and mechanical dimensions for the IP permanent

magnelts.
B(ry) Gradient r r L Weight
[T] (T/m] = [cm] [cm] [cm] (kg)
B1 0.80 — 4,92 9.7a 50.0 98
Q1 0.89 10.64 8.7 16.6 120.0 633

3B1 is tapered; r; and r, values are averages.

For quadrupoles (N = 2), the magnetic field at the aperture radius, B(r}), is related to
the inner and outer radii, r; and rp, by

B(r;) = 2CxB, (1 - %) (5-1)

where B, is the remanent field of the permanent magnet material and

cosV (ﬁ sin (%IE)

)
Nz
M

Cn=

(5-2)

Whereas Q1 is built up from 24 identical 5-cm-thick slices, B1 is a tapered magnet.
The transverse field on axis for this magnet can be computed as the superposition of fields
from each separate slice [Bowden, 1991]:

10
B,(0,02)= 3, Bi(z-z) (5-3)

i=1

For a slice 2!/ thick with remanent field B,,

Bi(Z"Zi) =B lil 'V22+r2 +Z) — z=z-z-1 (5-4)
NZZ+ri +z)  4WZ2 +r§ «/z +r1 T=zoz+l

Figure 5-8 shows the transverse field on axis for B1.

Choice of Material. The PEP-II magnets will be assembled from Sm»Co,7, a material
having a high remanent field (B, = 1.05 T). Figure 5-9 shows the B-H curves of some of
these materials. Commercial grades of Sm;Coy7 are available.

The B-H relation for a candidate material, R26HS (see Table 5-8), shows a linear
Ur=1 for the entire second quadrant. An external demagnetizing H field must actually
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Fig. 5-8. Transverse field on axis for the tapered B1 dipole magnet.
Dimensions are in mm.

exceed B,/upof the material before nonlinearities and hysteresis develop, causing
permanent demagnetization of the material. For lower external fields, simple linear
superposition of fields holds. Since the detector axial solenoidal field is nearly orthogonal
to the transverse field of the beamline magnets, the two fields are not expected to interact.
The high Curie temperature of Sm;Co;7 allows this material to be used at temperatures up
to 500°C, and its low temperature coefficient should preserve field quality. Lastly, the
chosen material has good radiation-resistance properties [Luna, 1989}, so its performance
1s not expected to degrade in the relatively harsh environment of the PEP-II IR.

Table 5-8. Properties of R26HS magnetic material.

Material B, Temperature coefficient Curie temperature  Density
(1] [9%/°C] rc [g/om’]
R26HS 1.05 -0.03 ‘ 820 8.4
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Fig. 5-9. B-H curves for various permanent-magnet materials.

Permanent Magnet Assembly. Both the B1 dipoles and the Q1 quadrupoles will be
built up from “pineapple-ring” shaped slices of permanent magnet blocks held in alignment
on a common beam pipe mandrel. Individual trapezoidal blocks of SmyCo;7 are collared
together between aluminum rings to restrain the magnetic hoop forces. For the 5-cm-thick
slices of Q1, these hoop forces are approximately 200 Ib.

Taken together, fabrication of the IR magnets will involve nearly one thousand
precisely machined and magnetized blocks of Sm;Co;7. The field quality of the resulting
magnets depends critically on their precise magnetization. The magnitude, direction, and
uniformity of the magnetization M will therefore be held to tight tolerances inside each
block. In addition, variations can, to some degree, be accommodated by selective
assembly and adjustment of final block positions. In any case, block magnetization will be
measured before assembly. Even perfectly magnetized individual blocks do not produce
simple, uniform B fields. Figure 5-10 shows the B field pattern for two typical uniform
magnetizations of a block. The B field is related to block magnetization by
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~

Fig. 5-10. Field patterns for two typical uniform magnetizations of permanent-magnet-
material blocks.

B(r)=mM<r)+i—‘°- I‘M.n E:—r—;)da’— f V.M (’“’2 dv (5-5)
T Js I - rf v e —rf

If the block has perfectly uniform magnetization (V-M = 0), then B and M differ only by a
surface integral over the shape of the block. Using the above relation, the internal
magnetization field of a block can be inspected by making measurements of B over its
surface. Figure 5-11 illustrates this inspection procedure.

A simple jig will be used to determine the coordinate frame and measurement points on
the surface at which the normal component of B is measured. These data will then be used
to calculate the magnitude and direction of M inside the block. Estimates of the uniformity
of M can also be computed. If magnetic tolerances can be tightly held by this inspection
procedure, it would greatly reduce the magnetic trimming involved in the final assembly of
the magnet.

Rare-earth permanent-magnet blocks with strength and magnetic direction tolerances of
2% and +2°, respectively, were achieved in production 8 years ago [Herb, 1985]. The
large number of blocks required for each Q1 (384) makes it practical to sort and selectively
assemble blocks to optimize the field quality. Grouping blocks with similar magnetic
errors in the same axial slice of the magnet reduces the unwanted field harmonics associated
with random magnetic errors. By this means, random multipole strengths can be held at or
below 1 x 10-3 of the quadrupole field at the magnet bore radius. Remaining field errors
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Fig. 5-11. Schematic representation of a procedure to inspect permanent-magnet blocks
before assembly.

will be corrected by addition of small shim pieces of Sm,Co;; at appropriate locations
around the outer circumference of each slice [Bowden, 1993]. An algorithm for
systematically calculating these correction shims has been developed, based on Halbach
[1981b].

Each slice of either B1 or Q1 will have the same angular orientation as its neighbors.
North poles will be adjacent to north poles and south poles adjacent to south poles. This
slice-to-slice juxtaposition of like poles will generate internal axial repulsion forces of
3000 Ib in the case of Q1. These forces are carried by the beam pipe mandrel and clamping
flanges at each end of the magnet. _

Permanent magnets have already been successfully applied to storage rings at SLAC
[Spencer, 1985] and elsewhere [Herb, 1987]. We consider the technology to be a mature
one, well suited to this application.

5.1.3.2 IP Support Barrel. PEP-II poses difficult support and alignment problems
for the final magnetic elements near the IP. Bunch spacing is only 1.26 m and requires
magnetic separation of the two beams to begin at £20 cm from the collision point. The
final quadrupoles are completely buried inside the detector. Previous storage rings have
placed the equivalent magnets on separate individual supports, cantilevered in from the
detector entrance. Unfortunately, such a support is difficult to make rigid, and the relative
alignment of the magnets is not easily measurable once they are installed.

As shown in Fig. 5-12, for PEP-1II we intend to avoid this limitation by using a single
support “barrel” through the detector, from one end to the other, to carry all magnets. In
addition to carrying the beam separation dipoles B1 and the final permanent-magnet
quadrupoles, Q1, the support barrel carries the central vertex detector. Other equipment
carried inside the barrel includes the water-cooled masks that shield the detector from the
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Fig. 5-12. Tube or barrel to support the permanent magnets, beam pipe, and vertex
detector inside the drift chamber.

HEB and LEB synchrotron radiation fans (see Sections 4.2 and 5.2.7), radial ion pumps,
and BPMs. Plumbing and cabling for this equipment passes through the barrel, while
vertex detector cabling is carried on the outside. -

Our choice of a single support barrel has two important advantages over previous
designs:

» Magnetic elements on each side of the IP are directly connected by a rigid structure
that maintains their relative alignment

 All components can be preassembled and aligned in the barrel outside the detector,
where precise and effective survey techniques can be employed

Barrel Mounts. The barrel is supported from the detector drift chamber end-plates.
These support locations are approximately at the quarter-points of the barrel, thus balancing
end and midpoint deflections. This reduces deflection nearly 50-fold compared with a
simple end support, and raises the natural frequency of the structure by a factor of 7. The
barrel rests on roller cams (consisting of a spherical roller that bears on a shaft with
1.5-mm eccentric journals; see Fig. 5-13) at each end of the drift chamber. Two roller
cams locate the barrel axis at one end, and three roller cams fix the axis and roll at the other
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Fig. 5-13. Detail of roller cam for supporting and adjusting the support barrel.

end, as shown in Fig. 5-14. During operation, only the eccentric shaft rotates, displacing
the outer bearing race. The race remains in fixed contact with its barrel support pad, so no
sliding motions are involved; only rolling motion occurs. All five roller cams are driven by
stepper motors through gear reducers, allowing five-axis remote positioning of the barrel;
that is, the barrel position can be adjusted by +1.5 mm in x and y, along with pitch, roll,
and yaw, during beam operation.

With this technique, positioning of the support barrel to an accuracy of a few microns is
practical. Because excursions are cyclic and naturally limited by cam lift, no limit switches
are needed to protect against damage. Except for a fixed z restraint at one end, the barrel
mount is fully kinematic and free of any over-constraints that might distort internal
alignment. A similar remote-positioning mount design has been used successfully for the
final triplets in the SLC interaction region [Bowden and Putallaz, 1985].

Barrel Construction. The support barrel consists of three separable sections. The two
outboard ends, which carry the heavy quadrupoles, are made from 0.75-in.-wall
nonmagnetic stainless-steel pipe. Access ports and magnet mounting points will be
‘machined into the walls. The middle barrel section is of sandwich construction, with
carbon-fiber facings and a foam core. This section must be nearly transparent to radiation
and insensitive to thermal distortion. During installation, when the loaded barrel (3500 Ib)
must be temporarily supported from its end points, fiber stresses reach a maximum of
8000 psi at the midspan of the carbon tube. Figure 5-15 shows the barrel construction
details.
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Fig. 5-14. View of the support barrel, showing its five remotely adjusted roller cams.

The most damaging thermal distortion is bending of the barrel due to transverse
temperature gradients. Expansion of the warmer top of the barrel and contraction of the
cooler bottom would cause the barrel to arch upward, as shown in Fig. 5-16. Because
carbon fibers shorten slightly with increasing temperature (see Table 5-9), the center barrel
section can be compensated to apprommately zero expansion, either by balancing the fiber
pitch helix angle against the high expansion coefficient of the resin matrix, or by cladding
the fiber layers (which have a negative expansion coefficient) with a thin (say, 10-um)
layer of a material having a positive expansion coefficient, such as aluminum. Because the
two outer stainless-steel ends of the barrel are only about one-third of the total length L , it
should be possible to hold the total distortion & (defined in Fig. 5-16), below 25 ym per
°C. .In addition to the protection afforded by our fabrication method and materials, the

Stainless steel Carbon fiber-foam
core sandwich

| 0.015 in.
'/ A o _L
: 0000 C. Ay o5 e o ! A -
0.75 in. /// L V5% 0.50 in.

Radiation length is 0.5% Xg

Fig. 5-15. Detail of joint between the thin inner section of the support barrel and the outer
stainless-steel section.
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Fig. 5-16. Curvature of support barrel resulting from a temperature difference between its
top and bottom. .

barrel will be well sealed from natural convection by the detector, and water cooling of
local heat sources will prevent asymmetric heating from causing temperature differences
greater than 1°C.

Ground Motion. Because PEP-II consists of two independent storage rings,
microseismic ground motion could possibly interfere with beam collisions. The spectrum
of ground motion measured at SLAC [Bowden, 1985] is shown in Fig. 5-17, along with
its amplitude distribution. Most ground motion is found in the 1- to 10-Hz band, whereas
the barrel resonant frequency is about 30 Hz; therefore, no strong coupling will occur. The
vertical beam-spot size is 6 um in PEP-II, about 100 times the amplitude of the average
microseismic noise. Quadrupole amplification will use up some, but not all, of the
available margin. Further, because the barrel ensures a smooth fundamental-mode
response to the vibration modes, the relative motions of the quadrupoles will be much
smaller than the vibration amplitude of the barrel itself. Previous measurements at SLAC
of mechanical noise from cooling-water flow have shown that this source usually does not
make a significant contribution. Thus, we conclude that mechanical vibration will not be a
serious problem for the barrel support.

Table 5-9. Thermal expansion coefficients and deflection of the materials
that make up the 4.35-m barrel.

Y o
Material [AL/L per °C] [ram per °C]
Stainless steel 1.7x10-5 113.0
Aluminum 2.3x10-5 153.0
Carbon fiber 0° -5.6 x10-7 -3.7
Carbon fiber 90° 3.6 x 10-5 235.0
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Fig. 5-17. Ground motion measured at SLAC.

Barrel Assembly and Component Alignment. The technical difficulties of assembling
4 m of heavy and delicate beamline equipment in a close-fitting support barrel has already
been solved for the SLC final triplets, as demonstrated in Fig. 5-18.

Figure 5-19 is a cross section through half the support barrel length. The barrel
assembly separates into three independent modules. The center section, made of carbon-
fiber tube, houses the central vertex detector and the B1 deflection dipoles. This central
section will be built up in the laboratory as part of the physics detector complex. For
commissioning the storage rings in the absence of the detector, there is the option for a
sinmiple temporary substitute aluminum tube carrying only the B1 magnets and beam
diagnostics instrumentation.

The two outboard stainless steel tubes carry the Q1 quadrupoles. Magnet mounts are
installed and adjusted from the outside of the barrel. Magnets are clamped near their ends
by shimmed bolts through the barrel wall, as shown in Fig. 5-19. Bolts work in four
opposing pairs. The position of one bolt in each pair is fixed by a replaceable shim
washer. The opposing bolt preloads the magnet mount through a spring-loaded pusher.
The amount of preload is set by a second shim under this bolt. Adjustment of the
alignment is made by changing shim thicknesses. Whenever a fixed bolt shim is changed,
the corresponding preload shim is changed to maintain the nominal preload. In this way,
forces and deflections are held constant during the alignment procedure. Adjustment of one
magnet position does not affect another, and the tightening torque on the support bolts does
not affect magnet position. When this technique was used on the SLC final triplets,
alignment by shim changes converged in two iterations. This method is well-matched to
modern survey procedures based on computer-linked theodolites and sophisticated survey
software, of the type described in Section 5.3.

Final joining of the three sections into a complete barrel will be done on an
assembly/alignment stand capable of supporting and aligning each barrel section
independently. To bolt together the vacuum flange between Q1 and B1, the Q1 magnet will
be temporarily supported through access windows in the support barrel. Then the support
barrel can be pulled back on rollers, like a sleeve, opening access to the beam pipe vacuum
flange. After leak checking, the stainless steel barrel is rolled forward and bolted to the
flange of the central carbon tube.
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Fig. 5-18. Illustration showing the assembly technique for the SLC final focus triplet
barrel. .

A major reason for building all IR components into a common support barrel is
to allow prealignment of beamline components prior to assembly into the detector. Once
hidden inside the detector, magnets cannot easily be surveyed from the outside. The
support barrel allows this alignment to be done in the laboratory under optimal conditions;
Fig. 5-20 illustrates the procedure.

During alignment, the barrel will be supported in mounts identical to those to be used
on the actual detector. In this way, all deflections are accurately reproduced. Access ports
for either directly viewing magnet fiducials or attaching extended targets are provided on
the support barrel. Magnet survey is done with computer-linked theodolites using many
redundant observations to obtain a strongly over-constrained fit on the relative positions of
all fiducials. A length standard is set in clear view of all theodolite locations. The raw
survey data consist of precision-encoded angle measurements. All measurements are then
computer processed to reconstruct the relative magnet positions. The overall resolution of
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Fig. 5-20. Illustration of a method for prealigning elements inside the support barrel
before installation in the detector.

such a modern system is 50 y#m over 5 m. Positioning the barrel components with respect
to the rest of the storage ring is straightforward. After installation into the detector, barrel-
end fiducials will be clearly visible from the standard survey stations used to align other -
external beamline components. Furthermore, the remote positioning mounts will allow fine
adjustment of the barrel position during beam operation.

5.1.3.3 Permanent-Magnet Trim Coils. To tune the collider beam optics and to
permit shifting of the ring energies to reach different T resonances, Q1 and B1 will require
trim coils with a 3% adjustment range. These coils, which line the bores of the permanent
magnets, must be of compact design because small increases in the magnet aperture require
large increases in the outer diameter of the permanent-magnet assembly to recover the lost
strength. _
For Q1, a set of four uniform-current-density coils are wound directly on the beam
pipe. Coils are 30° wide to cancel the field of the first allowed higher multipole (octupole).
The coil consists of 8 turns of 5-mm-square water-cooled copper conductor. A current of
203 A in 8 turns gives the required field of 0.0255 T at the mean trim coil radius.
Figure 5-21 shows a section through the coil and a typical plan view. At 203 A, the total
four-coil power is 3.8 kW at 19 V. Water cooling will be center tapped at the midpoint of
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Fig. 5-21. Cross section (left) and plan view (right) of the permanent-magnet trim coils.

each coil, forming two parallel cooling flows to reduce temperatures and pressure drops.
Based on a 75-psi pressure drop, water flow is about 2 L/min/coil and the water
temperature rise is about 7.5°C. For turbulent flow (R = 1.7 x 10%), the wall-film heat
transfer coefficient is about 13 W/in.2-°C. This gives a modest 0.5°C temperature
difference between the conductor and the water.

5.1.3.4 Septum Quadrupele (Q2). The septum quadrupoles, Q2, are the last
magnets before the separate high- and low-energy beam trajectories merge into (diverge
from) a common vacuum beam pipe on their way into (out of) the IP. They are located
+2.8 m from the IP and are the first storage ring magnets beyond the detector solenoid.
The Q2 magnets must vertically focus the 3.1-GeV LEB while providing a low-field
bypass channel for the adjacent 9-GeV HEB.

- Figure 5-22 shows the 150 beam envelopes for the two beams at the inboard face of
Q2 (the face closest to the IP). Because the quadrupole aperture of Q2 is separated from
the field-free bypass channel for the HEB by only 2.18 cm, a current septum must be
introduced between the two regions. In addition to accommodating the two beam
envelopes, a clear aperture (“fan stay-clear”) must also be provided for the fan of
synchrotron radiation generated in the magnets that bend the two beams onto a common
collision axis at the IP. This fan (whose power is 49 kW at a beam current of 0.99 A, as
discussed in Section 4.2) extends out from the collision axis by 12 mrad.

The required septum quadrupole presents two special challenges:

* An asymmetric magnet having a pure quadrupole field in the magnet aperture, and a
low-field bypass channel only 2.18 cm to the side, must be designed magnetically

* A very compact, high-current-derisity septum having adequate cooling capacity must
be designed '

Solutions to both of these challenges are presented below.
Magnetic Design. Design requirements for Q2 are summarized in Table 5-10. In any

magnet structure, the net flux crossing a surface of infinite extent, such as the midplane of a
quadrupole, is zero. The additional field introduced by the asymmetry of the Q2 coil
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Fig. 5-22. Beam-stay-clear envelopes and locations of synchrotron radiation fans at the
inboard face of Q2. All dimensions are in mm.

- positions must be shunted across the midplane by iron flux returns. This preserves the
high-quality quadrupole field in the magnet aperture as well as the zero field in the adjacent
bypass channel. Figure 5-23 shows the flux pattern for the present septum quadrupole
design with its iron return paths; the field in the yoke is below 1.1 T everywhere. A small
10-A trim coil is added to the backleg yoke opposite the septum to compensate for the small
JH.dl imbalance between backlegs. Except for the septum conductor on the left side, the Q2
magnet shown in Fig. 5-23 differs little from a conventional warm-iron quadrupole
design. Figure 5-24 shows a mechanical layout for the Q2 magnet; its design
specifications are summarized in Table 5-11. :

Pole tips are shimmed, using the Poisson program MIRT, to compensate for the
proximity of the current septum. Deviations from a pure hyperbola amount to 0.5 mm at
most. Table 5-12 gives the relative multipole field strengths normalized to the quadrupole
field (n = 2) at the full aperture radius, ro. The quadrupole gradient within the ellipse
corresponding to 2/3 of the beam-stay-clear aperture (roughly 100; or 100y) remains
within 2 x 10-3 of its nominal value.

Table 5-10. Q2 design parameters.

Magnet length {cm] 50
Gradient [T/m] 11.5
Bypass channel field [T) <0.01
Multipole field contamination at 2/3 aperture 5x104
Trim range 0-110%
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Fig. 5-23. Flux pattern for Q2.

As well as producing a high-quality quadrupole field in the LEB aperture, Q2 must also
leave a low-field bypass channel for the HEB. Figure 5-25 shows the residual midplane
dipole field in the HEB bypass channel. Because the separation between HEB and LEB
beamlines grows as they recede from the IP, the field plotted here (at the front face of Q2)
is the maximum field experienced by the HEB. The field on the HEB diminishes as the
beam moves closer to the outboard end of Q2 where it is at a greater distance from the
current septum. ' :

Thermal Design. To examine the septum cooling issue, we consider the enlargement of
the septum region shown in Fig. 5-26. Although the six conductors of the upper septum
half are wired in series electrically, their cooling is handled with separate, parallel hydraulic
circuits. Coolant streams traverse the length of the septum only once. Each conductor is
separated from its neighbors by a 0.4-mm-thick insulation layer. For precise conductor

293



COLLIDER COMPONENTS

- 410 >
—>»| 74.58 je—
LT Trim coil
410 39.25 /
on i
73.31 —_ : - - P 43.37
| HEB LEB T

V4
42275 R

Fig. 5-24. Q2 mechanical layout.

location and mechanical integrity, the entire septum will be built as a single vacuum-
impregnated assembly as outlined by Roman [1965]. The current density for the net
copper cross section is 8.5 kA/cm? at the full 8200 A-turns. Starting from a water
pressure drop of 75 psi and 70-cm-long conductors, Table 5-13 summarizes the septum
thermal parameters.

By using parallel cooling, the total temperature rise can be held to about 15°C for the
short length of these conductors. On the right side of Q2 (see Fig. 5-23) the two
conventional coils are wound from six turns of 0.5-in.-square copper conductor having a

Table 5-11. Q2 specifications.

Pole-tip inscribed radius, r, [cm] 4.23
Gradient [T/m]) ' 11.5
Length [cm] ) 50
Current [A] 1367
No. of turns 6
Peak field in iron pole [T] 0.9
Septum current density [kA/cm?] 8.52
Total power [kW] ) 27.0
Estimated weight [1b] 1000

2For net copper cross section.
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Table 5-12. Q2 relative multipole field coefficients
atrg =4.23 cm.

n b,/b,

1 -0.33 x 104

2 1.00

3 -1.11 x 104

4 1.82 x 104

5 0.63 x 104

6 -0.50 x 104

A . .
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Fig. 5-25. Fringe field in the Q2 bypass channel at inboard end of magnet.
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Fig. 5-26. Q2 current septum. Dimensions are in mm.

Table 5-13. Q2 septum thermal parameters.

Water pressure drop [psi] 75
Conductor length [cm] 70
Water velocity, v [m/s] 10
Water flow per conductor [cm?3/s] 70
Water temperature rise [ C] 5.54
Reynolds no., Re 65000
Prandtl no., Pr 2.8
Film coefficient, A2 [W/°C. cm?] 5.28
Film AT [°C] 4.66

3h =0.023 Re-02 Pr-23ypc,,
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0.25-in.-diameter cooling hole. These coils carry a current density of 1.05 kA/cm?2. This
conductor size will also be used to complete the other halves of the two coils that include
the septum (those coils that energize the left-hand poles in Fig. 5-23) by lap-splicing
conductors at the ends of the magnet. The high-current-density septum will dissipate
19.5 kW and the other coils will add about 7.5 kW. Thus, total power dissipation
amounts to 27 kW, which sets the total terminal voltage at about 20 V.

A perspective view of the Q2 magnet is shown in Fig. 5-27. The vacuum pipe is cut
away to reveal the water-cooled synchrotron radiation septum mask (see Section 5.2.7.4).
This specially machined vacuum pipe will be fabricated from GlidCop, as it must conduct
700 W of synchrotron radiation power from the bore of Q2 to water cooling tubes brazed to
the outside. The y-shaped weldment will support the crotch mask and its associated ion
pumps. By mounting the septum mask and its cooling supports with a false screen floor in
the pump throat, the entire mask subassembly can be removed without disturbing the
quadrupole or the y-shaped vacuum pipe. At full current, the septum bears a sideward
magnetic force of 460 1b, repelling it from the quadrupole bore. By mounting the septum to
a bridge rail along the HEB vacuum pipe, this load can be returned to the magnet iron.

LER
Current channel
septum
Septum
HER mask
channel

Pump

Fig. 5-27. Q2 and vacuum pipe assembly.
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5.1.4 Magnetic Measurements

Five stations will be constructed for magnetic measurements, each having a computer. The
computer will serve for data storage and data handling, and will also permit a comparison
between the new magnetic. measurements made on the refurbished PEP magnets and the
original data taken at the time of their manufacture. A standardization procedure for each
particular type of magnet will be stored in the computer so that it can be performed
automatically prior to the commencement of measurements. The software will also prompt
the operators to enter serial numbers, attach cables and water hoses, etc. Variables such as
water flow, terminal voltage, and temperature rise will all become part of the database.
This will ensure quality control and provide a complete pedigree for each magnet.

The choice of five stations will permit us to handle the five different types of magnets:
HER dipoles, HER quadrupoles, LER dipoles, LER quadrupoles, and HER/LER
sextupoles. This number of stations is perceived to be a minimum, based on the number of
magnets to be tested and their different configurations. In particular, the HER dipoles
present a challenge, owing to their 5.4-m length. The long coil required for these magnetic
measurements will be unique. The LER bends are only 0.45 m long, so a relatively short
coil can be used. Both HER and LER quadrupoles could be measured at a single station,
but it is prudent to have a degree of redundancy and to avoid the possibility of bottlenecks.
Because the HER and LER sextupoles are identical, the same station will be used,
irrespective of the final destination of the magnet. .

Magnetic measurements will be conducted using standard rotating-long-coil techniques.
This method gives the integrated strength of the magnet, either [B-dl or [G-dI, including
end effects. In the case of quadrupoles, the rotating-coil measurement is a convenient way
of determining the magnetic center, since a zero dipole signal occurs at this location. This
measurement will provide a convenient check on the accuracy of the external fiducials built
into the laminations at the time of stamping. Furthermore, the rotating-coil technique
permits a determination of the higher-multipole content of the field, which is the true
measure of magnet quality. Measurements will be conducted at different current settings,
corresponding to'the operating energies envisioned. This will provide a polynomial fit that
will permit the magnets to be set accurately at any required field strength. .

Magnetic tolerances for both the HER and the LER are similar to those for PEP and can
be summarized as follows: The sum of all higher multipoles over the required beam-stay-
clear region should be less than 0.1% of the main field component of the magnet over this
same region. -

5.1.5 Support§

Considerable thought has been given to the support and alignment of the two PEP-II rings.
Because of the large mass of the PEP components, which are to be reused in the HER, the
HER will be mounted below the LER. A side elevation of the standard HER and LER cells
and a cross-sectional view of the PEP tunnel are shown in Figs 5-28 and 5-29,
respectively. An artist’s conception of the overall layout of the two rings is shown in
Fig. 5-30.

298



5.1 Magnets and Supports

598.43 >

Low-energy ring

High-eniergy ring ]

1} M

1 meter

g
J

e ) S—

Fig. 5-29. Cross-sectional view of the PEP tunnel, showing the locations of utilities and
the high- and low-energy rings.
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Fig. 5-30. Artist’s conception of the high- and low-energy rings in the PEP tunnel.

Once the PEP tunnel has been emptied, a rough alignment procedure (see Section 5.3)
will locate the anchors for the lower legs of the support structures. These support
structures will be placed close to the quarter-points of the HER dipole magnets, as was
done in PEP, to maintain the alignment and minimize sag and twist of these long laminated
magnets. The four feet necessary to adjust and maintain the alignment of the bending
magnets will be mounted on these horizontal legs.

To facilitate installation, the quadrupole-sextupole pairs for the HER will be mounted
on arigid frame and aligned in a temperature-controlled facility using high-precision optical
benches. In this manner, component-to-component misalignment is kept to a minimum.
The vacuum spool piece for this section will be installed along with the vacuum chamber
support, which must be capable of locating and fixing the associated beam position monitor
with an accuracy of about 0.1 mm with respect to the magnetic center of the adjacent
quadrupole. This requirement justifies our plan to prealign the individual components on a
monolithic, stress-relieved frame that will avoid costly in-field alignment (which
historically has proved to be more expensive and less accurate than prealignment in the
laboratory). .

In the tunnel, precision alignment will locate the base support on which the frame for
the quadrupole-sextupole pair rests. This base will have dowel pins identical to those at the
alignment stations. Thus, when the magnetic components and base are taken to the tunnel,
these pins will enable us to place the frame accurately. Although the base itself will be
provided with adjustments having six degrees of freedom, we believe that it will be
unnecessary to provide individual adjustment for all the quadrupole-sextupole frame
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components. The technique outlined here has been employed successfully at SLAC on
several other projects, including PEP, the damping rings, the SLC arcs, and the final focus
beamline. : ‘

After the main components of the HER ring are in place, the LER components will be
installed above them. Once again, we will take the approach of using a raft or strong frame
and prealigning the LER components in the laboratory. Because of their smaller size and
lighter weight, we expect to be able to support and align the magnetic components of an
entire half-cell (including a sextupole, a quadrupole, a bending magnet, and either a
steering magnet or beam position monitor, together with the vacuum chamber and
associated pumps) on one raft. As with the HER, the raft itself will be provided with six
degrees of controlled freedom. We believe that it will be unnecessary to provide easy
adjustments for individual raft components.

To facilitate alignment, the LER will be suspended above the HER such as to leave
about an 8-in. component-free zone between the two rings for unobstructed line-of-sight.
As discussed in Section 5.1.3, extensive ground-motion measurements were made at
SLAC prior to building the SLC, because that accelerator was expected to be very sensitive
to small, steady-state ground motions or noise. These measurements indicated which site-
- wide excitation frequencies are a problem. Magnet supports will be designed to avoid
unwanted resonances.

Because the two rings are independently supported, at different heights in the tunnel, it
is clear that changes in temperature within the tunnel can cause relative motion between
them. Fortunately, time constants for such motion will be slow, of the order of hours, and ‘
steering corrections can be made in the IR to compensate for the resultant beam drifts.

5.2 VACUUM SYSTEM

The vacuum system of the PEP-II collider presents a technical challenge beyond that of
any existing electron-positron collider. Each subsystem must meet demanding design
criteria to satisfy the overall system requirements. These subsystems for the high-energy
(electron) and low-energy (positron) rings (HER and LER, respectively) include vacuum
chambers, pumps, cooling, and special components, such as bellows, beam position
monitors (BPMs), and valves.

For PEP-II, the HER and LER will have circulating beam currents of 0.99 and 2.14 A,
respectively, to reach the design luminosity of 3 x 1033 cm2 s~1. We refer to these as the
nominal currents. The nominal beam currents are at least an order of magnitude beyond
the typical values for today’s colliders and, as such, present an appreciable challenge to
the vacuum system designer. To provide for possible upgrades, and for luminosity
“breathing room,” we also specify a maximum allowable current in each ring of 3 A.
Because the vacuum system is generally difficult to upgrade after the collider is
operating, we have chosen to design for the 3-A capability from the outset.
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5.2.1 General Issues and System Requirements

A well-designed vacuum system is the key to providing a suitable beam environment. In
particular, the chamber design should have the following attributes:

* Adequate beam-stay-clear aperture for injection and for stored-beam lifetime

* Low impedance to avoid beam instabilities and to minimize higher-order-mode
(HOM) power dissipation

-+ Sufficient pumping speed to maintain a low pressure in the face of substantial
synchrotron-radiation-induced gas desorption

 Sufficient cooling to safely dissipate the heat load associated with both synchrotron
radiation and HOM losses

* Capability to shield external ring components from synchrotron radiation

Most of these requirements are fairly obvious and do not differ from those of existing
colliders. The main distinction in the case of PEP-II is associated with the required beam
currents, which are much higher than those in present-day colliders.

Depending on the magnitude of the dynamic gas load due to photodesorption, the
chamber could have a conventional elliptical or octagonal shape, or it could exploit
differential pumping via an antechamber arrangement. In the PEP-II parameter regime,
use of a conventional chamber shape is acceptable, provided that the material is chosen to
have a low photodesorption coefficient. If the chamber material is suitably chosen, the
chamber walls will also serve as the primary shield for the synchrotron radiation that
would otherwise damage magnets and other beamline components. Basically, this
consideration implies the use of a high-Z material such as copper or stainless steel, rather
than the more easily fabricated aluminum. (If aluminum were chosen, the shielding
would have to be provided by an additional layer of material—for example, lead—to
absorb the radiation passing through the chamber walls. While this is possible, it is an
undesirable complication.)

Included as integral parts of the chamber are several special sections and components,
such as shape transitions, pumping ports, bellows, and BPMs. The high peak and average
beam currents in PEP-II demand that the electromagnetic environment presented by the
vacuum chamber and its special components satisfy a strict impedance budget for the
ring. It is known that the present PEP vacuum chamber would provide a sufficiently low
broadband impedance (IZ/nl = 1 Q) to be acceptable for the PEP-II HER [Rivkin, 1987;
Zisman, 1990b]. Thus, we are assured that standard care in the design of the vacuum
chamber will permit us to reach our impedance goal.

The pumping system of the collider must maintain the specified operating pressure
under conditions of a large dynamic photodesorption gas load caused by the intense
synchrotron radiation bombardment of the chamber walls. (In high-energy, high-current
electron rings, thermal outgassing is generally a small contribution to the gas load that
mainly determines the base pressure in the absence of beam.) In addition to handling the
gas load during routine operation, the pumping must also be sufficient to allow for rapid
initial commissioning (cleaning) of the vacuum chamber. The system requirements for
the vacuum system during collider operation are as follows:
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* <10 nTorr in the arcs
* ~3 nTorr in the straight sections
* ~1 nTorr in the two half straight sections upstream of the detector

* ~0.5 nTorr base pressure due to thermal outgassing under no-beam (static load)
conditions

(Note that pressure requirements are quoted here as Nj-equivalent values.) We have
generally designed the vacuum systems to reach these goals even at the maximum
allowable beam current of 3 A. Thus, at the nominal operating currents, we expect to do
better than the requirements listed above. In this sense, the design is conservative and
should operate very reliably. Clearly, the additional pumping capability will be of great
benefit in reducing the conditioning time for the system.

An electron beam circulating in a storage ring subjects the vacuum chamber walls to
copious synchrotron radiation. As the incident area of the radiation fan is small, the
associated thermal flux is generally high enough to require considerable cooling of the
chamber wall. The chamber cooling system is designed to remove the heat safely, despite
high power densities. As is typical, cooling is accomplished by water flowing in
channels outside the chamber. In addition to ensuring the mechanical stability of the .
chamber under thermal loads that could reach 10 MW in the HER, maintaining the
chamber wall at a relatively low temperature serves to reduce the gas load due to thermal
desorption. '

5.2.2 Determination of Vacuum Chamber Aperture

The size requirements of the beam chambers are determined by the beam emittances and
energy spreads and by the optical functions of the HER and LER lattices. To ensure
adequate quantum lifetime, the chamber was designed to accommodate the uncoupled
horizontal emittance and the fully coupled vertical emittance. It is also desirable to keep
the cross section of the chamber constant throughout the arc sections to minimize the
impedance contributions from shape transitions. Consequently, we considered the
maximum values of the beta functions in determining the chamber sizes.

For determining the required chamber aperture, we took the uncoupled emittance
value for each ring to be at least twice the value required for the nominal operating
configuration. This will provide considerable flexibility to adjust the ring parameters as
dictated by operational needs. Thus, the HER chamber was designed for 100 nm-rad
uncoupled horizontal emittance, and the LER chamber was designed for 200 nm-rad. In
the absence of wigglers, the relative energy spread of the beam in the HER should be
close to its natural value of 6.1 x 10-4. To be conservative, we took a value of 1 x 10-3
for estimating the required chamber size. For the LER, we envision that the natural
energy spread from the arcs will be increased by means of wigglers to a value closer to
1 x 10-3, which we again adopted as a design specification for evaluating aperture
requirements. Since the HER optics are similar to PEP, the closed-orbit allowances were
taken to be the same as those adopted for the original PEP design; these values were also
assumed for the LER.
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Emittance and beta function values used to evaluate the required apertures for the
HER and LER are summarized in Table 5-14.
The horizontal beam-stay-clear half-aperture in the arcs is evaluated as

BSC, =10 \/exoﬁx + ﬁz (9’;
E

Similarly, the vertical beam-stay-clear aperture in the arcs is

’ +COD, (5-6)

BSC, =10 V &,0f8, + COD, (5-7)

Using the values in Table 5-14, and including allowances for fabrication and mechanical
positioning errors, we obtain the minimum chamber (inner) half-apertures:

HER: BSC, x BSC, =45 mm x 25 mm
LER: BSC; x BSC, =45mm x 25 mm
The HER chamber dimensions can be accommodated by the present PEP magnets.

Table 5-14. Parameters used to evaluate vacuum chamber dimensions for
the high- and low-energy ring arcs.

Beam parameter HER LER
Max. uncoupled horizontal emittance, £ [nm-rad] 100 200
Max. fully coupled vertical emittance, £y [nm-rad] 50 100
Max. horizontal beta in arcs, B [m] 26 26
Max. verticai beta in arcs, By [m] . 28 26
Max. dispersion, D [m] 1.8 1.1
Max. energy spread, o /E 1x10-3 1x1073
Horizontal closed—brbit allowance, COD,, [mm] 10 10
Vertical closed-orbit allowance, COD,, [mm] 5 5
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5.2.3 Synchrotron Radiation and Vacuum

As mentioned earlier, two design issues follow from the copious production of
synchrotron radiation in a high-intensity storage ring: (i) heating of the vacuum chamber
walls owing to the high thermal flux and (ii) radiation-induced gas desorption (both
photodesorption and thermal desorption). In this section, we quantify these effects and
evaluate their impact on collider performance. As we shall see, despite the difficulties
associated with the high beam currents in the PEP-II storage rings, handling the large
synchrotron radiation power is amenable to standard engineering solutions in a beam
chamber of elliptical or octagonal cross section, without requiring a more exotic approach
based on an antechamber design.

5.2.3.1 Wall Heating. At the design luminosity of 3 x 1033 cm-2 s-1, each ring will
contain a beam current more than an order of magnitude higher than that typical in
existing high-energy storage rings; the associated heat load is, therefore, quite high. The
technical difficulty lies not in removing the total synchrotron radiation power per se, but
rather in handling the concentrated linear thermal flux. Thus, contrary to intuition, a
- small-circumference ring is more difficult to cool and pump than a large ring. (If a very
small circumference were chosen for the LER, management of the high linear thermal
flux would be considerably more difficult than in the HER, despite the fact that the total
synchrotron radiation power would be much lower in the LER.) By adopting a design in
which the LER has a circumference equal to that of the HER, such concerns are
eliminated (except for the damping wiggler regions, which are discussed in Section 5.2.6,
below).

To estimate the heat load, we start from the well-known expression [Sands, 1970] for
the synchrotron radiation power (in kW) emitted by an electron beam in uniform circular
motion:

Pgsr

= §8.5pE4I (5-8)

where E is the total energy (in GeV), I is the total beam current (in A), and p is the bend
radius of the dipoles (in meters). The linear power density (in W/cm) radiated along the
circumferential path length is given by

— 10Psg _ 885 E*I g
Fe 2mp 2np? &)

For a 9-GeV beam in the HER (p = 165 m) at the maximum allowable current of 3 A, we
find from Eq. 5-9 a linear power density of P; = 102 W/cm. . At the nominal operating
current of 0.99 A (corresponding to the design luminosity of 3 x 1033 cm2 s-1), the linear
power density is reduced to 34 W/cm. In reality, the arcs are not exactly circular in either
ring—the dipoles in each cell are connected by short straight sections a few meters in
length. These straight regions tend to spread out the radiation flux. Consequently, Eq.
5-9 gives the maximum value of the linear power density anywhere in the arcs.
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The peak power density in the LER arcs occurs in the straight section downstream
from the bending magnet, where the effect of geometry reduces the power density more
than one would calculate using Eq. 5-9. For the 3.1-GeV beam in the LER (p= 13.75 m),
at the maximum current of 3 A, the linear power density is 45.7 W/cm. At the nominal
operating current of 2.14 A, the linear power density is reduced to 32.6 W/cm.

The vertical (half)-angular spread (in radians) of the synchrotron radiation fan
containing ~85% of the radiation is given approximately by

- moc? -1 :
y E y (5-10)

For a 9-GeV beam, y = 0.06 mrad, while for the 3.1-GeV LER beam, ¥ = 0.17 mrad.
Although it is not strictly true (see Section 5.2.6), we assume the power to be uniformly
distributed over this angular extent. Including the finite size and angular divergence of

the electron beam, the height of the vertical band illuminated by the synchrotron radiation
fan is

h = 2[0} + d¥o?+ y2||"? (5-11)

- where 0j, is the rms beam height, 0y is the rms angular spread, and d is the tangential
distance from the beam orbit to the chamber wall. The value for d can be calculated from
the geometry shown in Fig. 5-31, where w/2 is the transverse distance from the beam
orbit to the outer wall of the vacuum chamber. In bend regions,

Fig. 5-31. Geometry of the synchrotron radiation fan hitting the vacuum chamber
wall in curved and straight pipe sections (not to scale).
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di = |/(p+%f-p? (5-12)

while in the straight regions between bend fields,

®

2 a+ptan(!l) (5-13)

dr =
2 2

For the HER, with a chamber half-width of 4.5 cm and a 165-m bending radius, we find
that dq max = 3.85 m, with 2 maximum angle of incidence given by a = dy/p = 23 mrad.

To be conservative in estimating the power density, we have ignored the contribution
to the height of the synchrotron radiation fan from the finite beam emittance; that is, we
take 0y = 0y = 0 in Eq. 5-11, and we assume that all the radiation falls between *y.
Thus, the minimum height of the illuminated strip is h = 2yd = 0.44 mm. The
corresponding maximum thermal flux density in the HER, at a beam current of 3 A, is
then P, = P;/h = 2.3 kW/cm?. Tables 5-15a and 5-15b summarize both the nominal-
current and maximum-current cases for the LER and HER, respectively, compared with
values from PEP.

Table 5-15a. Comparison of radiation loads in PEP and the PEP-II LER. For
PEP an aluminum chamber is used; the PEP-II estimates assume a copper chamber
and are computed as described by Alexandrov et al. [1990].

PEP-II
LER LER
. ) nominal maximum

Parameter PEP current current
Magnetic radius [m] 165.00 13.75 13.75
Bending magnet field [T] 0.3033 0.7544 0.7544
Energy [GeV] 15.00 3.11 3.11
Current [mA] 200 2140 3000
Total synchrotron power [kW] 5,436 1,290 1,810
Peak chamber wall linear flux [W/cm] 52 33 46
Beam divergence, 26 [mrad] 0.07 0.33 0.33
Min. tangential distance, d [m] 4.06 2.06 2.06
Max. angle of incidence, o [mrad] 246 32.7 32.7
Minimum beam height [mm)] 0.28 0.68 0.68
Wall heat load [kW/cm?] 1.89 0.48 0.67
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Table 5-15b. Comparison of radiation loads in PEP and the PEP-II HER. For PEP
an aluminum chamber is used; the PEP-1I estimates assume a copper chamber.

PEP-II
HER HER
: nominal maximum

Parameter PEP current current
Magnetic radius [m] 165.0 165.0 165.0
Bending magnet field [T] 0.3033 0.1820 0.1820
Energy [GeV] 15.00 9.00 9.00
Current [mA] 200 1000 3000
Total synchrotron power [kW] 5,436 3,519 10,557
Chamber wall linear flux [W/cm)] 524 33.9 101.8
Beam divergence, 26 [mrad] 0.07 0.11 0.11
Min. tangential distance, d [m] 4.06 3.85 3.85
Max. angle of incidence, o [mrad] 24.6 234 234
Minimum beam height [mm] 0.28 0.44 0.44
Wall heat load [kW/cm?] _ 1.89 0.77 2.31

In addition to the synchrotron radiation heating, we must also consider the heat loads
from HOM losses. These were estimated in Section 4.3.1.6 to be 70 and 225 kW for the
HER and LER, respectively. For safety, we have doubled these estimates to account for
presently unidentified impedances. This power will be distributed roughly uniformly
around the ring, leading to an additional 0.6-W/cm thermal load for the HER and 2 W/cm
for the LER. For the LER, this value is only about 4% of the peak synchrotron radiation
load in the arcs, so HOM heating represents only a small additional burden for the
cooling subsystem. In the HER, the additional heat load from HOM losses is only about
1% of that from synchrotron radiation.

5.2.3.2 Gas Desorption. The gas load in electron storage rings arises from two
processes: thermal outgassing and synchrotron-radiation-induced photodesorption.
Thermal outgassing is common to all vacuum systems and occurs in the absence of
synchrotron radiation; that is, it contributes mainly to the base pressure of a ring in the
- absence of circulating beam. In all high-energy electron storage rings, thermal outgassing
is negligible when compared with the dynamic gas load from photodesorption. Thus, the
gas load due to synchrotron radiation actually determines the operating pressure of the
ring.

To estimate the desorption rate, we follow the approach of Grébner et al. [1983].
After taking the spectrum of the synchrotron radiation photons into account, we can
express the photon flux in the spectral interval (0, x) in the form
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Nix) = Blepm)El (5-14)
ehc
where
=-£=_£ 5-15
* = e (3_ﬁc)f_ . (5-15)
A2 p

with € being the photon energy and & being the criticﬂ energy of the radiation in the
dipoles. In practical units,

forp =2.218 Epi [keV] (5-16)

F(x) is the integral over the modified Bessel function:

Fx) = fx f“KSB (v)dy du (5-17)

0 Ju

For large values of x, F(x) - 5.23. After rearranging terms and inserting appropriate
values for the constants, we obtain a photon production rate of

N = 8.08x 100 E [ [photons/s] (5-18)

where E is in GeV and I is in A.

At the design current of 0.99 A, the synchrotron radiation load in the HER is
7.3 x 102! photons per second, or a maximum of 7.1 x 1018 photons/s/m. As the
minimum height of the synchrotron radiation fan in the HER is only 0.44 mm, the
maximum photon flux on the walls is 1.6 x 1018 photons/cm?/s. By contrast, the
maximum photon flux on the walls of the LER chamber is 7.35 x 1017 photons/cm?/s.
For later use in computing the photon dose on the chamber walls, we note that in the
HER, 1 A-hr corresponds to 2.5 x 1022 photons/m.

Gas molecules are desorbed from the walls in proportion to the photon flux; that is,
the number of molecules produced per incident photon is

Nuol = 8.08x 1020 EIn [molecules/s) (5-19)

The ideal gas law relates the number of molecules to a gas load in Torr-L by a conversion
factor of 3 x 1020 Torr-L/molecule. In these units, the effective gas load due to
photodesorption is found to be

Qus = 24.2 EIn [TorrLis] (5-20)
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The photodesorption coefficient 7 is a property of the chamber that depends on several
factors:

¢ Chamber material

* Material fabrication and preparation

* Amount of prior exposure to radiation
» Photon angle of incidence

* Photon energy

In light of these complexities, it seems better to regard 7] as an effective engineering value
that accounts for the differential illumination of the chamber walls by both direct (beam-
produced) and diffusely scattered (secondary) photons, rather than considering the
photodesorption coefficient to be a fundamental material property. Using a single value
of 7 in Eq. 5-20 yields only a rough estimate of the actual dynamic gas load but one that -
is nonetheless useful in setting the scale of the engineering task, as well as in choosing
the chamber material.

5.2.3.3 Choice of Chamber Material. Experimental measurements [Grobner et al.,
1983; Foerster et al., 1990; Ueda et al., 1990; Mathewson et al., 1990] for well-exposed
samples of aluminum, stainless steel, and oxygen-free, high-conductivity (OFHC) copper
indicate minimum values of 7] ranging from less than 2 x 106 for copper and stainless
steel up to 2 x 10-3 for aluminum. Although the gas-scattering lifetimes in storage rings
with lower critical photon energies than PEP-II suggest that aluminum chambers may
eventually develop an effective 77 = 10-6, we believe a more reliable design procedure is
to adopt copper or stainless steel as the chamber material, despite their higher cost per
kilogram. Because the data of Ueda et al. indicate that clean, machined, oxygen-free
copper can attain 7) = 2 x 10-6, we have chosen this value as the design basis. Such a low
photodesorption coefficient allows us to design the PEP-II vacuum chamber with a
conventional elliptical or octagonal shape, instead of being driven to adopt an
antechamber design that is more difficult and expensive to fabricate. The apparent cost
disadvantage of copper or stainless steel vis-a-vis aluminum is more than offset by the
relative simplicity of the chamber shape, by the reduction in the amount of pumping
needed, and by the shortening of the vacuum commissioning time.

As shown below, copper and stainless steel also have the considerable advantage of
being self-shielding and thus can protect the magnets and other hardware from radiation
damage caused by the hard component of the synchrotron radiation. The need for lead
shielding, which would be required to accompany an aluminum chamber, is completely
eliminated. In that the chamber walls are subjected to very high thermal loads, copper,
with its excellent thermal conductivity, appears to be the preferred material, despite the
paucity of experience in building large copper vacuum chambers. o

For a copper chamber with a desorption coefficient of 7 = 2 x 105, the dynamic gas
load is

Qgas = 4.84x1075 EI [Torr-L/s] (5-21)
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In Tables 5-16a and 5-16b, we use Eq. 5-21 to estimate the gas loads in the low- and
high-energy rings. Maintaining a pressure of 10 nTorr in the LER requires a total
pumping speed of 96,000 L/s at the maximum allowable current of 3 A. To put this
requirement into perspective, we note that it is less than one-tenth of the pumping speed
(per meter of ring circumference) installed on the ALS ring at LBL [LBL, 1986].

5.2.3.4 Evaluation of Gas Load Profile. To proceed beyond the estimates of the
previous section to an engineering design of the vacuum system, it is necessary to specify
the actual distribution of radiation along the arc, N(s), taking into account the presence of
short straight sections between the dipoles. Following the prescription of Alexandrov
et al. [1990], we computed the power distributions shown in Figs. 5-32a and 5-32b for the
HER and LER, respectively.

Naively, one might think to compute the distributed gas load in the arcs by applying
Eq. 5-20 directly to the profiles given in Fig. 5-32, with the adopted value of 7. This
procedure would, however, neglect the strong variation in 77 with material exposure.
From a typical set of data, such as that reproduced in Fig. 5-33 [Foerster et al., 1990], we
observe that, for large exposures, 7 tends to follow a power-law dependence on dose; that
is,

Nee (It+10)" (5-22)

Table 5-16a. Comparison of vacuum loads in PEP and the PEP-II LER.

PEP-II
LER LER

nominal maximum
Parameter PEP current current
Gas load [Torr-L/s/mA] 5.5x10°6 1.6 x 10-7 1.6 x 107
Total photon gas load [Torr-L/s) 1.1x1073 3.4x104 4.8 x 104
Assumed desorption coefficient, 1 1.5x 105 2.0x 106 2.0x 10
Photon gas load [Torr-L/m/s] 1.1x 106 2.4x 1077 3.3x 107
Operating pressure reQuired [nTorr] 10 10 10
Thermal desorption coef. [Torr-L/s/cm?] 1.0x 1011 10x10°U1 1.0x 1011
Total perimeter of ring [m] 2200 2200 2200
Calculated thermal load [Torr-L/m/s] 2.6x 108 2.4 x10-8 2.4 x 108
Total calculated thermal load [Torr-L/s] 58x10-3 53x%x10-5 5.3 x10-3
Total gas load [Torr-L/s] 12x103  39x104 5.3 x 104
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Table 5-16b. Comparison of vacuum loads in PEP and the PEP-II HER.

PEP-II
HER HER

nominal maximum
Parameter PEP current current
Gas load [Torr-L/s/mA] 5.5x106 4.3 x 107 4.3 x 107
Total photon gas load [Torr-L/s] 1.1 x103 4.3x104 1.3x 103
Assumed desorption coefficient, n 1.5x10-5 2.0x 106 2.0x 106
Photon gas load [Torr-L/m/s] 1.1x10-6 41x10-7 - 12x10%
Operating pressure required [nTorr] 10 5 10
Thermal desorption coef. [Torr-L/s/cm?] 1.0x 1011 1.0 x 1011 1.0 x 10-11
Total perimeter of ring [m] 2200 2200 2200
Calculated thermal load [Torr-L/mv/s] 2.6 x10-8 2.5x10-8 2.5x 108
Total calculated thermal load [Torr-L/s) 5.8x10-5 5.5x10-5 5.5x10-5
Total gas load [Torr-L/s] 1.2x10-3 49 x 104 1.4 x 103

where [ is the beam current, ¢ is the exposure time, and p is between 0.4 and 0.7
(depending on choice of material and preparation). The constant #; is chosen to yield the
correct initial value of 77. Assuming that p = 0.6 for copper, we can compute a local value
of 7)(s) along the beamline. Then the gas load at position s is given by a generalization of
Eq. 5-20:

Qgas(s) = 1(s) N(s) (5-23)
The effect of the differential exposure of the chamber is to level the gas load along the
beamline and thus to require more pumping capacity than would be needed if Qgas Were a
constant multiple of the photon flux. By assuming that the value of 7 is 2 x 10~6 where
N(s) assumes its maximum value, we compute the gas load along a half-cell of the arc as
shown in Fig. 5-34. This gas profile becomes a system specification for the vacuum
engineer.

Using the data of Ueda et al. [1990], we have estimated that for copper with an initial
desorption rate of 10-3 molecules/photon, the sections of the chamber will reach
1= 2 x 104 after a photon exposure of about 100 A-hr. Based on the pumping scheme
described in Section 5.2.4, the vacuum-conditioning scenario can be computed as a
function of the initial photodesorption rate. Such calculations are displayed in Fig. 5-35.
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Fig. 5-32. (a) Radiation power distribution along a half-cell of the HER arc at the
design current of 0.99 A. (b) Radiation power distribution along a half-cell of the
LER arc at the design current of 2.14 A.
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Fig. 5-34. (a) Gas load along a half cell of the arc in the HER at the design
current of 0.99 A. The desorption coefficient was assumed to scale with the power
profile and was normalized such that 1) = 2 x 10~6 molecules/photon at the location
of maximum power. A contribution of 10% from reflected photons was included in
the estimate of the gas load. (b) Gas load along an arc in the LER for two
assumptions regarding the desorption coefficient: (i) constant value of n=

2 x 1075 molecules/photon (solid line), and (ii) “leveled” photodesorption
accounting for the variation in exposure along the arc (dashed line). In the latter
case, 11 = 1 x 1079 at the peak power density.
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Fig. 5-35. Calculated beam lifetime in the HER as a function of exposure during
initial commissioning of the collider.

5.2.3.5 Validation Test Program. The data of Ueda et al., on which the above
calculations are based, were taken with a photon beam incident normal to the surface and
having &= 4.5 keV. In the HER, the critical energy is nearly 10 keV and photons will
strike the surface at a shallow angle. The data of Foerster et al. [1990], though taken at a
shallow angle, used a photon beam of & = 500 eV and were not generally carried to
such large exposures as to actually observe photodesorption coefficients as low as 10-5.
Therefore, our design assumption of 7= 2 x 10-% must be viewed as an extrapolation of
existing experimental data. Although designing the pumping system to handle a
photodesorption coefficient of roughly 2 x 106 from a copper chamber répresents a
reasonable extrapolation of that data, it was nonetheless considered prudent to carry out a
series of validation experiments using the specific alloys, photon incidence angles, and
preparation procedures that will actually be employed in the PEP-II design. Fortunately,
appropriate photon sources with which to make measurements on short sections of test
chamber are available at several laboratories in the U.S., Europe, and Japan.

Our photodesorption test program is being carried out at the National Synchrotron
Light Source (NSLS) in collaboration with H. Halama and C. Foerster of BNL. The
experimental setup is located on the U10 beamline of the VUV ring, an area that has
previously been used [Foerster et al.,, 1990] for an extensive series of tests of the
photodesorption properties of various materials. The experimental procedures we follow
are closely similar to those described in the literature [Foerster et al., 1990; Ueda et al.,
1990; Grobner et al., 1983; Mathewson et al., 1990]. As the U10 beamline includes a
built-in swivel point, the exposures can be conducted at the appropriate shallow angle. In
our investigations, the test chamber is connected to the beamline through a rectangular
duct of calibrated vacuum conductance and is pumped by a calibrated pump with a speed
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S; for the ith molecular species. Exposures are made to white light directly from the
source, that is, without employing intervening monochromators or filters. The beam
width and height, defined by horizontal and vertical collimators, are adjusted to restrict
the area of exposure solely to the test sample. A residual-gas analyzer is used to
determine the relative abundance of the principal gas species desorbed (H;, CHy, CO, and
COy).

The primary quantity measured is the specific pressure rise for each molecular
species, AP;/I (averaged over the test chamber), as a function of photon exposure. These
data are of most direct relevance to the engineering design of the PEP-II vacuum system.
For photons generated over a horizontal angle 6, the average photodesorption of the ith
species is

_ GS; (aP/I)

5-24)
(wur6) (

We began the experimental validation program with a series of measurements of the
desorption properties of 1-m copper bars mounted in a stainless-steel test chamber.
Copper materials tested included samples of pure copper and of high-purity copper
alloys, including one with silver and a dispersion-strengthened copper material. Except
for two samples (one of C10100 copper and one of dispersion-strengthened copper
material) that were machined before cleaning, all test samples were cleaned and tested
with “as received” manufactured surfaces. Also, samples from several vendors having
identical materials specifications were tested in order to examine manufacturing
differences.

Bar samples of all materials were prepared and baked at LLNL for 48 hours at 200°C
prior to shipment to BNL. At NSLS the samples were again baked for 48 hours at 200°C
on the beamline prior to testing. In some cases, glow-discharge cleaning was applied
when the desorption rate was assumed to be constant, resulting in about a factor of three
lower rate of desorption for CO.

A test chamber, fabricated from pure copper (C10100) sheet and baked at 200°C was
also studied. This yielded a desorption coefficient for CO of 2 x 10~ molecules per
photon at 7 x 1023 accumulated photons. In a subsequent run, the vessel was oriented to a
new surface and baked as before, but glow-discharge conditioned before the start of the
run. As shown in Fig. 5-36, a value of 1 = 6 x 107 molecules per photon was achieved
for CO at 7 x 1023 accumulated photons. Summing the results for the four measured
gases, Hy, CO,, CO, and CHy, gave a nitrogen equivalent value of 17 = 2 x 10-6 molecules
per photon, thus validating our design value. Additionally, and most importantly, the
curves for each species were continuing to drop, 1nd1cat1ng that lower values for the
desorption coefficient can be achieved.

Initial results of our test program have been presented at vacuum workshops at
Cornell (January 1992) and at The Hague [Foerster et al., 1992). Our measurements
show that desorption coefficients of 77 = 10~6 molecules per photon can be obtained,
though not necessarily under exactly the same conditions as would occur at PEP-II.
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Fig. 5-36. Photodesorption yield measured at NSLS VUV ring for a fabricated
copper chamber. The dose in A-hr (based on VUV ring parameters) is shown on
the top scale. “Pre-conditioning” refers to performing an argon glow-discharge
cleaning prior to exposing the chamber to photons.

Although the VUV ring produces large integrated photon exposures in a relatively

short time, the critical energy of the radiation, as mentioned above, is only 500 eV,

compared with a critical energy of about 10 keV for the PEP-II HER. For this reason, we

plan to measure the dependence of the photodesorption efficiency on photon energy with .

subsequent exposures of two 3-m copper test chambers on the XRAY ring at NSLS
(which provides radiation with a critical energy of 5 keV). One chamber will be
fabricated from copper sheet having an octagonal cross section, and a second chamber
will be fabricated from the actual extrusion expected to be used in the PEP-II HER.
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5.2.3.6 Shielding of Synchrotron Radiation. The PEP-II HER, running at an energy of
10 GeV, generates the synchrotron radiation spectrum shown in Fig. 5-37a. (It has been
contemplated that the PEP-II HER might also run at 12 GeV, though this is not part of the
present design, in which case it would produce the harder spectrum shown in Fig. 5-37b.)
Some of this radiation may escape and deposit energy in the surrounding material. This .
was originally pointed out during the design of PEP [Nelson et al., 1975] and
subsequently verified by measurements both at PEP and at PETRA. Of most concern to
PEP-II is magnet insulation. Other materials, such as wire insulation and cooling-water
hoses, are even more sensitive to radiation, but they will be more distant from the beam.
Radiation damage to magnets depends strongly on the type of material used in the
potting compound. PEP magnets, which will be used for the PEP-II HER, are insulated
with an epoxy whose composition is given in Table 5-17. It is estimated that this epoxy
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Fig. 5-37. Synchrotron radiation spectrum produced by (a) 10-GeV operation and (b)
12-GeV operation at PEP-II; solid line, analytic; histogram, EGS sampled spectrum.
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Table 5-17. Chemical makeup and mass of the epoxy used in the PEP

magnets.
Material ' Composition Mass? (g)
DER 332—epichlorohydrin + bisphenol A C21H2404 851
DER 732—epichlorohydrin-polyglycol (C3H¢0),, CcH 003 1049
NMA—nadic methyl anhydride CoHgO; 1832
Aluminum oxide Al,O3 4252

aWeight fractions of the elements in the epoxy (for EGS4 purposes) are hydrogen, 2.6%;
oxygen, 38.4%; carbon, 30.7%; aluminum, 28.3%.

compound should tolerate doses of the order of 1010 rads without degradation of its
properties. However, the exact damage threshold is not known, so we rely upon other
sources to set a criterion. CERN used 3 x 107 rads as the dose criterion for the LEP
magnets [CERN 85-02, 1985]. They note that using fiberglass insulation tape gives a
factor of ten higher tolerance to radiation damage (up to the 10!0-rad region). To be
conservative, we have elected to use 3 x 109 rads as a criterion for the PEP-II magnet
insulation. Stated another way, the criterion will be 108 rads/yr; this should give a
magnet lifetime of 30 years or more. (Here, we ignore doses already received by the
magnets from PEP running to date. These exposures are small compared with the doses
expected from PEP-II operation.)

To estimate the annual radiation dose, we take 3.0 A for a 7200-hr operating year,
giving roughly 22,000 A-hr/yr. The radiation strikes the wall at a 23-mrad angle of
incidence. The absorbed dose D must remain below 2.0 x 10-19 rads/electron,

corresponding to 108 rads/yr. This criterion is used when considering output from the

program EGS4, which gives synchrotron radiation fluence, energy deposited, or dose
(using appropriate conversion factors) per circulating electron. Various user codes built
upon EGS4 have been developed specifically to study such problems. These codes all
generate the synchrotron radiation spectrum both analytically and from a sampling
algorithm, with scoring done in the regions outside the beam pipe. A fluence-to-dose
conversion, using the surface dose numbers of Rogers [1984], modified for the SLAC
epoxy compound, is performed within the code each time the epoxy region is entered.
Details of the calculations can be found in Jenkins et al. [1990].

- Calculations are based on the configuration of the present PEP-II HER, assuming (to
be conservative) an operating energy of 10 GeV. Only the HER is considered because
synchrotron radiation will not penetrate the beam pipe of the LER, which is assumed to
operate at an energy of 4 GeV for our estimates.

For this study, the cutoff energies used in the EGS4 simulation were 1 keV (photons)
and 1 MeV (electrons). Upper energies for both electrons and photons were 10 MeV,
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which is adequate because the spectra are essentially zero above a few MeV for a 10-GeV
electron energy. The photon spectrum was sampled uniformly within an energy range
from 0.1 &t to 10 €44 A weight was carried along with each photon (and its progeny)
for scoring purposes. The final results were later normalized per circulating beam
electron.

The PEP-II HER vacuum chamber geometry is described in Section 5.2.4. The
chamber material used for these calculations is copper, and the exact chamber geometry
is used.

To summarize the results of our calculations, for typical vacuum chamber
configurations, a copper chamber 0.5 cm thick (required for structural reasons) is more
than adequate, as shown in Fig. 5-38.
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Fig. 5-38. Radiation dose to the magnet windings through two configurations of a
0.5-cm-thick copper vacuum chamber with no liner, computed for 10-GeV
operation. The radiation dose limit corresponds to 2 x 10~19 rads/electron, well
above the calculated values.
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5.2.4 HER Vacuum System

The configuration of the HER is shown schematically in Fig. 5-39. Figure 5-40 shows
both the high- and low-energy rings in the tunnel, with the LER positioned above the
HER. The circumference of each ring is 2200 m, and both ring geometries have been
adjusted to fit in the existing PEP tunnel, as described in Section 4.1.

The vacuum system for the HER is designed to handle the large gas loads anticipated
from photon-induced gas desorption and to carry away the large amount of power
deposited on the outer chamber wall by the synchrotron radiation. The pressure
requirements—quoted as N»-equivalent values—were described in Section 5.2.1.

IR-12 Arc section

Detector

R m————
\
\

IR-4

e

Circumference = 2200 m

" Fig. 5-39. Schematic of the PEP-1I storage ring layouts.
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Fig. 5-40. Cross section of the PEP tunnel, showing the arrangement of the high-
and low-energy rings of PEP-I1I.

- The HER, illustrated in Fig. 5-41, contains 40 empty FODO cells grouped in five
straight sections (the remaining straight section houses the interaction region) and
96 regular FODO cells in the arcs. As discussed above, copper was chosen for the
vacuum chamber in the arcs because of its low photon-induced gas desorption coefficient,
its high thermal conductivity, and its large absorption coefficient (which obviates the
need for adding lead shielding). Vacuum chambers in the straight sections will be
fabricated from stainless steel.

5.2.4.1 System Overview.

Arc Sections. Each arc section consists of four dispersion suppressor cells and 12
regular cells, each 15.2 m long, giving an overall arc length of 243.2 m. The magnet
arrangement in each of the regular cells consists of a defocusing quadrupole (QD) with
sextupole, a dipole; a focusing quadrupole (QF) with sextupole, and finally a second
dipole. A beam position monitor (BPM) is located at each QD. The cell vacuum
chamber is constructed of four sections of extruded copper in order to facilitate
fabrication and assembly in the PEP tunnel. Chamber sections are joined at the ends with
10-in.-diameter, stainless-steel Conflat flanges. A bellows is located near each
quadrupole to accommodate thermal expansion during operation and to facilitate
installation and servicing.
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Fig. 5-41. Schematic of one sextant of the PEP-II HER.

For the entire ring:

48 Standard empty cells
72 Standard arc cells
24 Suppressor cells

144 cells total

61.68m
straight

Different vacuum chamber cross sections will be used through the dipoles and
quadrupoles as shown in Figs. 5-42 and 5-43. The chamber running through the
quadrupoles is octagonal, to maximize conductance. Its outside dimensions are 100 mm
wide by 60 mm high, with a uniform wall thickness of 5 mm. The chamber through the
dipole magnet includes a passage for distributed ion pumps (DIPs), which is separated
from the main beam chamber by a slotted screen. The pumping passage for the DIPs has
an inner size of 84 mm wide by 50 mm high. Slots in the screen between pump and beam
passages are designed to provide an overall conductance of about 1400 L/s/m. Both the
beam tube and the pumping channel will be fabricated from UNS C10100, high-purity,
oxygen-free, high-conductivity copper. A double-holed cooling bar attached to the outer
wall of the beam tube carries away the heat produced by synchrotron radiation hitting the
chamber wall. The bar will be fabricated from UNS C10300, an oxygen-free copper
alloy having a thermal conductivity of 93% International Annealed Copper Standard.
Discrete (“lumped”) ion pumps are provided at each of the pumping plenums adjacent to
the quadrupoles, as shown in Fig. 5-44; pressure gauges and pumpdown connections are
also located there.

Should the need arise, 180°C water can be circulated through the cooling bar, to
provide in situ baking to 150°C without opening the chambers. The additional thermal
expansion will be accommodated by the bellows. Bakeout will reduce the initial
outgassing rate and thus allow for base pressures in the 0.5-nTorr range, if needed.
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Fig. 5-42. HER vacuum chamber cross section at a dipole; dimensions are in
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Fig. 5-44. Typical HER arc cell, with DIPs in the dipole magnet and lumped ion
~ pumps in the pumping plenums on either side of the quadrupoles.
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Straight Sections. A standard cell in the straight sections is 15.419 m in length, and
contains no dipoles. The vacuum pipe is a made from 3.75-in. OD 316L stainless-steel
tubing, sized to clear the 100-mm bore of the quadrupole magnets. Because there are no
dipole magnets and hence no distributed ion pumps, larger lumped ion pumps are used to
produce the 3-nTorr average pressure required. A diagram of a straight-section cell is
shown in Fig. 5-45.

Various straight sections contain the injection septum, RF cavities, beam collimators,
and optical monitors. Each special component will have its own individual requirements
for the vacuum system, and each will require a custom interface.

In situ baking, if needed, will be accomplished using resistive heaters and insulation
wrapped around the stainless-steel beam pipe. This can be done without disturbing the
vacuum chamber integrity.

5.2.4.2 Analysis.

Thermal Analysis. As discussed in Section 5.2.3.1, one of the main challenges in
designing the vacuum system is to adequately handle the high thermal flux densities
incident on the vacuum chamber outer wall due to the synchrotron radiation. The peak
linear flux in the HER reaches 102 W/cm, which corresponds to a flux density of
2.3kW/cm?. Finite-element analysis of a dipole chamber subjected to this high flux
shows that the peak local temperature reaches 68°C above the cooling-water temperature.
Furthermore, the average temperature of the entire chamber reaches about 25°C above the
cooling-water temperature, as shown in Fig 5-46a. This 43°C difference between peak
and average chamber temperature produces a 12,000-psi compressive stress in the region
near the incident radiation. (The stress arises because the local hot spot is trying to
expand but is forced to follow the bulk expansion of the cooler chamber.) Figure 5-46b
shows this high axial compressive stress. Note that this stress arises every time the HER
is filled with a 3-A beam. We assume a worst-case scenario for thermal analysis of
10,000 maximum-current fills over the life of the machine. The chamber is subjected to
cyclic fatigue loading from the stress. The effect of this cyclic loading on the chamber
~ depends largely on the temper of the copper and the residual stresses in the chamber.

Quadrupole . BPM
chamber Quadrupole —\

Bell C t
[- ellows | orrector —\

Straight-section chamber J 220 L/s ion pump —/

AL
.

Fig. 5-45. Side view of HER straight-section vacuum chamber.
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Fig 5-46. (a) Temperature distribution and (b) axial stress distribution in heated
region of PEP-II HER bending magnet vacuum chamber with cooling bar, for an
incident linear power density of Py = 102 W/cm. The bulk temperature of the
cooling water was 59°C, which corresponds to the maximum expected outlet
temperature.
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As detailed in Section 5.2.4.3, the chambers will be extruded and drawn to a half-hard
temper, the cooling bar will be electron-beam welded in place, then the chamber will be
bent to the correct radius. Manufacturing data for the drawn, half-hard-temper C10100
copper shows that, under a cyclic compressive loading of 12,000 psi, the material will not
yield and will not develop fatigue-related cracking for at least 108 cycles. Furthermore,
as long as the stresses remain compressive, any cracks will not propagate through the
material. Therefore, to avoid potential fatigue cracking, further assembly processes must
neither remove the half-hard temper of the original drawn material, nor produce
additional stresses in the region of high thermal stress. Electron-beam welding tests have
shown that, indeed, temper is not affected in the high-stress zone, and thus that the cyclic
thermal loading can be absorbed by the copper chamber.

The above analysis assumes a high rate of heat convection to the cooling water. To
produce the convection, water will flow through each passage at 3.5 gpm, or 10 ft/s.
Water inlet temperature is 30°C, and the total temperature rise through a half-cell water
circuit is 29°C. By routing the cooling water in the chambers to take advantage of the
variable heating from the synchrotron radiation, we maintain the peak chamber
temperature below 118°C, which minimizes any loss of strength associated with elevated
temperatures.

Bakeout Heat Transfer. If the HER chambers must be baked in situ to reduce the
operating vacuum pressure, 180°C water will be run through the cooling channels.
Finite-difference analysis of the natural convection from the heated chamber shows that,
with no insulation at all, the chamber loses only 5 kW per half-cell, and the minimum
wall temperature is 165°C. Water flow rate and velocity for the bakeout are the same as
for normal operation.

Thermal Expansion. During operation and bakeout, the arc chambers expand due to
the increased temperature. Because the dipole chambers are bent in an arc, this expansion
is not exactly in a line, but has some lateral component. Furthermore, during an
operation the asymmetric temperature distribution across the dipole chamiber, shown
above (Fig. 5-46a) increases the radius of curvature by 4%, producing an additional
lateral offset of the chamber. Table 5-18 details these values.

Two features are included in the vacuum system to accommodate these dimensional
changes. First, a bellows is added every half-cell to allow the neighboring chambers to
expand. The bellows is designed to compress as the chambers expand, even during an in

Table 5-18. Thermal expansion of HER arc half-cell.

Operation Bakeout

Expansion along beamline [mm] 3.6 16.9
Lateral offset [mm]} 0.1 0.32
Rotation at bellows [mrad] - 0.01 0.06
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situ bakeout, so no special procedures are needed to prepare for bakeout expansion. They
also allow for the (very small) rotation of the chambers because the expansion occurs
around a large radius. Second, the chamber supports are designed to flex as the chambers
expand. The supports carry the weight and seismic loads of the chambers, while still
allowing adequate flexure along the beamline.

Vacuum Analysis. The main issue in designing a pumping scheme for the HER arcs
is the high, variable gas load produced by the synchrotron radiation. The pumps must
adequately pump this gas load through relatively low-conductance beam pipes. We have
adopted a design based entirely on sputter-ion pumps. These provide sufficient pumping
speed to attain the required pressures and are very reliable, causing minimal operational
interference. Unlike non-evaporable getters (NEGs) or titanium sublimation pumps
(TSPs), there is no need for regeneration or filament replacement.

Distributed ion pumps (DIPs) are installed in the dipole vacuum chambers to provide
the bulk of the pumping needed. Detailed calculations have been completed to optimize
the DIP design to provide maximum pumping speed in the 0.18-T field of the dipole
magnets. Furthermore, lumped differential ion (DI) pumps are installed on either side of
the quadrupole to pump the quadrupole chamber and to serve as holding pumps when the
beam and DIPs are off. To improve conductance to these pumps, a plenum surrounds the
beam pipe in this region. The plenum is slotted to provide conductance while minimizing
changes in the beam pipe cross section.

Analysis of the vacuum system was carried out using a finite-volume analysis
program developed for this application. Variable gas loads, chamber conductances, and
pump sizes were all included in the model to ensure that the results adequately simulated
the system. The calculation assumes a minimum photodesorption coefficient, scaled with
incident power, of 2 x 10~6 molecules per photon. As expected, the results show that the
average pressure is strongly dependent on the pumping speed of the DIPs. Furthermore,
the quadrupole chamber pressure profile is limited by the conductance of the chamber
cross section. Figure 5-47 shows the calculated pressure profile for a half-cell with an
optimized DIP pumping speed of 165 L/s/m and two 60-L/s differential ion pumps, one at
each end of the quadrupole chamber.

Using the above-mentioned pumping configuration, the average pressure for a half-
cell is 8.8 nTorr at 3 A, which is slightly below the design value of 10 nTorr for the arcs.
This value provides some margin if the DIP speed turns out to be somewhat lower in
practice or if the chambers produce more gas than expected. Also, each pump plenum
has sufficient conductance to accommodate two additional differential ion pumps, which
could make up for reduced DIP pumping or increased gas load. Table 5-19 shows the
pumping configurations we are considering, along with the average pressure while
running at the nominal 0.99-A beam current and the average holding pressure. We can
implement either of these, depending on actual running conditions.
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Fig 5-47. Pressure profile for an HER arc half-cell (solid line), shown with power

distribution (dashed line).

Table 5-19. Vacuum pumping scenarios for HER arcs at nominal 0.99-A beam current.

Design Alternative
configuration configuration?
Beam current [A] 1.0 1.0
DIP speed [L/s/m] - 165 120
Upstream pump speed [L/s] 60 110
Downstream pump speed [L/s] 60 60
Running pressure [nTorr] 29 34
Holding pressureb [nTorr] | 1.3 1.1

3Alternative is based on a more pessimistic estimate of DIP speed.
b With DIPs off.
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5.2.4.3 Arc Chamber Design.

Dipole Chamber. The dipole chamber (Fig. 5-48) consists of an extruded copper
chamber and cooling bar, the DIPs, a screen that separates the beam and DIP channels,
and two Conflat-type end flanges. The chamber will be extruded in full lengths, with no
press stops, from UNS C10100 copper, while the cooling bar will be extruded from UNS
C10300 copper. These are both drawn to achieve their final shape and to produce a
minimum half-hard temper. The pieces are then cleaned and electron-beam welded
together. After welding, the subassembly is stretch-formed to its correct radius, then the
ends are machined and the part recleaned. The slots in the separator screen are machined,
then the screen is bent to its correct cross section and cleaned. The screen is then pulled
into the chamber and electron-beam welded into place. Meanwhile, the DIP modules
have been fabricated, cleaned, and assembled. They are pulled into the dipole chamber
and connected. Finally, the end flanges are TIG-brazed onto the ends of the chamber.

This optimized fabrication sequence is the result of significant design, analysis, and
testing of each of the components and fabrication processes. This is summarized in the
descriptions below.

Copper vacuum
chamber

Copper
& cooling bar

Distributed
ion pump

Stainless-steel <
vacuum flange

Fig. 5-48. Isometric view of the end of a typical HER arc dipole chamber.
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Chamber Extruding. Although various bent sheet-metal fabrication designs were
investigated, extrusion is the preferred fabrication method. A one-piece chamber
extrusion eliminates all longitudinal vacuum welds, which affords a more accurate and
dependable chamber. Three extrusion cross sections will be used (see Fig. 5-49), one
each for the dipole and quadrupole chambers and a third for the cooling bar that runs
along the outside radius of both chambers. A curved screen will be pulled into the dipole
chamber to separate the beam and DIP passages. (If aluminum were used instead of
copper, the cooling passages and separator screen could all be extruded into one complex,
multiport extrusion. However, copper is needed for the arc chambers to provide the
required shielding and low photodesorption coefficient. Because of machine capacity
limitations and the flow characteristics of copper during the extrusion process, such a
multihole extrusion cannot be fabricated.) We have worked closely with copper
extruders to optimize the extrusion shapes and tolerances to ensure the best possible
results. Furthermore, prototype chambers have been extruded and delivered to SLAC for

Fig 5-49. Photograph of prototype dipole chamber (long) and quadrupole
chamber (short) extrusions being dimensionally inspected at SLAC.
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analysis and testing. Recent dimensional, chemical, and material testing has shown that
these extrusions exceed our requirements for dimensional stability, material quality, and
physical properties. We are currently setting up a photodesorption test at BNL to confirm
the manufacturer’s data, as well as our earlier test data on similar material.

Electron-Beam Welding. As noted above, the selection of C10100 copper as the
material for the arc vacuum chamber makes it necessary to join the cooling bar and DIP
separator screen to the beam chamber. The joining process must minimize the heat input
to the chamber, be compatible with ultrahigh-vacuum (UHV) standards, and be
economically feasible. Several methods were considered to accomplish this task,
including bolting, gluing, soldering, brazing, and welding. Low-temperature soldering,
brazing, and electron-beam welding were further evaluated as viable options. However,
low-temperature solders cannot withstand the thermal stresses, are brittle at room
temperature, and outgas unacceptably in UHV systems. Although brazing produces joint
geometries that are attractive for UHV applications, the elevated temperature that must be
employed destroys the temper and strength of the material being brazed. As detailed in
Section 5.2.4.2 above, stress analysis shows that the surface where synchrotron radiation
is incident (and some distance into the wall) must be kept half-hard so as to be able to
withstand the compressive stress caused by the synchrotron radiation.

Electron-beam joining satisfies all application criteria of cleanliness, strength, and
low heat input. Therefore, we will use two electron-beam welds (in each case) to join the
cooling bar and the DIP screen to the chamber—one weld from above and one from
below. The cooling-bar welds are kept as shallow and narrow as possible, with a void at
the cooling-bar midplane that is not welded. Analysis shows that the small void does not
affect the temperature distribution significantly, yet provides a needed weld-spike gas
vent at the root of the weld, which reduces weld porosity. The cooling bars are
chamfered to reduce the required weld depth. The reduction in contact area actually
spreads out and reduces the peak stresses by averaging the high temperature over a larger
area. This weld joint design and the electron-beam welding procedure were further
optimized by test-welding short beam chambers. The chambers were then sectioned and
examined to obtain hardness, structural, and quality data. Figure 5-50 shows a
micrograph of a typical weld joint. Test results show minimal annealing near the heat-
affected zone next to the weld recast, retention of the half-hard temper in the areas of
synchrotron radiation incidence, low levels of porosity, and a good weld-depth-to-width
ratio. The remaining two-thirds (3.3 mm) of the wall thickness is unaffected by the weld,
retaining its half-hard temper and strength.

For the DIP screen welds, the electron beam will be defocused to produce a weld that
fuses 75% of the screen width and that is just deep enough to provide good attachment.
Testing has shown that this method eliminates the possibility of missing the screen with
the welder beam, and thus causing vacuum leaks.

These tests have shown that the selection of the electron-beam welding process will
reliably join the chamber, cooling bar, and separator screen together, and maintain the
material properties needed.
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0.090

0.350

Fig. 5-50. Micrograph of electron-beam weld of the cooling bar to the dipole
chamber.

Stretch Forming. The dipole chambers must be bent to conform to the nominal
165-m radius of the beam orbit. At this radius, the angle of incidence for synchrotron
radiation on the bend chamber wall is 23 mrad. The thermal analysis discussed above
(Section 5.2.4.2) indicates that, in order to stay below PEP-II limits for power density at
maximum current, the chambers must be bent sufficiently uniformly that the angle of

‘incidence does not exceed 26 mrad; this determines the tolerance on the bending radius.

We have successfully tested two bending techniques, use of a pin press and use of a
stretch-forming apparatus, with 2.4-m test chambers. One chamber was bent to a 36.6-m
radius using the pin press with long shoes. The technique gives a satisfactory bend but is
tedious and time consuming, and results in a series of small “kinks” that could potentially
exceed the maximum allowable incidence-angle criterion. This chamber was
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subsequently baked at 200°C and exhibited no noticeable relaxation of curvature or other
dimensional changes.

Two additional chambers were bent by stretch forming. In this technique, the
chambers are stretched axially to their yield point and then, while in the yield condition,
are bent over a form of the appropriate radius. Stretch forming has several advantages. It
is fast, it produces a smooth continuous bend, and (because the stretching raises the stress
in the entire chamber to its yield point) it results in the lowest possible residual stresses
after fabrication is completed. Furthermore, it actuaily releases the residual stresses left
in the chamber from the welding. This, in turn, ensures the lowest operating thermal
stresses. Clearly, this method is superior for our application. We have designed and built
a stretch-forming apparatus (see Fig. 5-51) and have used it to bend the first 6-m-long
prototype extruded chamber to well within the required tolerance.

Cusil TIG Brazing. The dipole and quadrupole chambers will be connected by
Conflat-type vacuum flanges. The flanges will be fabricated from 316LN stainless steel
and will be joined to the C10100 copper chambers. Typically, the dissimilar joint would
be made using an intermediate copper piece that is brazed to the stainless-steel flange and
then gas-tungsten arc-welded (GTAW) to the copper chamber. However, this involves a
separate piece, an expensive braze joint, and an additional vacuum joint. An alternative

Fig. 5-51. Photograph of HER dipole chamber during stretch-forming at SLAC.

335



COLLIDER COMPONENTS

joining method is a single dissimilar-metal weld. Two welding configurations are being
investigated.

The first configuration is a two-pass GTAW weld. The first pass deposits a nickel
weld bead onto the copper chamber wall, then the second pass overlays this with Inconel
wire. This process produces extremely strong, ductile welds, but requires significant
heating of both pieces, with the associated thermal distortion. Also, the weld quality is
sensitive to variations in the relative dilution of the various base metals.

The second weld configuration is technically a braze joint, which uses a tungsten
inert-gas (TIG) torch as a heat source. The TIG torch heats, but does not melt, the two
base metals, then Cusil braze wire is deposited into the joint. Preliminary weld tests
show that this TIG-braze is stronger than the copper base metal, yet as ductile as the
stainless steel. UHV vacuum-tight welds have been made on prototype flange joints and
have survived high-temperature cycling under vacuum (see Fig 5-52). Ongoing tests are
now quantifying weld-joint strength at room temperature and at 200°C.

In parallel with the welding research, finite-element stress analysis is being used to
optimize the weld-joint geometry and location. The weld joint brings together not only
dissimilar materials, but dissimilar shapes as well. This produces stress concentrations
near the corners of the rectangular beam chamber. Initial finite-element analysis results
show that the local stress is high, but manageable. Further analysis and joint design
optimization is now under way.

Cleaning. To achieve the desired vacuum environment for the beam, cleanliness
during all phases of the fabrication process is of paramount concern. Care must be taken
to ensure that no fabrication process contaminates vacuum components after cleaning.
Weld joints and machining processes must all be designed to produce cleanable parts that
reflect good vacuum design practices.

Cusil

Copper Stainless
steel

Fig. 5-52. Micrograph of a Cusil TIG braze.
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To ensure this, all parts will be cleaned before assembly using existing SLAC
cleaning processes and procedures. The process for cleaning stainless-steel parts is
summarized in Table 5-20. The copper chambers and other copper parts will be cleaned
in a separate process, outlined in Table 5-21.

Finally, following chemical cleaning, all parts will be assembled in a clean-room
setting. Nylon gloves will be used when handling parts, and further fabrication, such as
welding, brazing, and assembling, will be done using UHV-clean techniques.

DIP Design and Testing. As discussed in Section 5.2.4.2 above, the UHV
environment in the HER arcs is attained using a combination of DIPs and discrete
differential-ion pumps. The DIPs have been designed to maximize the available pumping
using the 0.18-T HER dipole field, which is just over half of the 0.3-T field used in PEP.
Our design is expected to provide an average pumping speed of 165 L/s/m, which is more
than sufficient to provide the required 10-nTorr pressure at the maximum beam current of
3A.

To achieve this pumping speed, a plate-type DIP has been chosen. The five-plate
stainless-steel anode, shown in Fig. 5-53, contains four rows of pump cells, 1.8 cm in
diameter, that intercept the dipole magnetic flux. The flux varies from 0.18 T at the
magnet pole center to about 0.10 T at the edges. Theoretically, the cell diameter should
increase as the field diminishes to maintain the same pumping speed per cell. We have
elected to maintain a uniform cell diameter, however, in order to maximize the total
number of cells in the pump. This approach maximizes the overall pumping speed, even
though not all cells are pumping at maximum efficiency. Furthermore, the cells are
arranged in staggered lines to produce a hexagonal close-packed pattern, which improves
the cell-area density to 68%.

Table 5-20. Process for chemical cleaning of austenitic stainless steel.

Vapor degrease in hot 1,1,1 trichloroethane vapor for 5 minutes
Rinse in cold running tap water for 1 minute

Alkaline soak clean for 5 minutes at 180°F

Rinse in cold running tap water for 2 minutes

Pickle in Prepalloy and nitric acid (25 vol-%) at 100°F

Rinse in cold running tap water for 2 minutes

Alkaline soak clean for 5 minutes

Rinse in cold running tap water for 2 minutes

Immerse in room-temperature nitric acid (25-30 vol-%) for 2 minutes
Rinse in cold running tap water for 2 minutes

Rinse in cold de-ionized water for 2 minutes

Rinse in 150°F de-ionized water for 2 minutes

Rinse in isopropyl alcohol at 115°F

Dry in oven at 150°F

Wrap in lint-free paper and food-grade aluminum foil
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Table 5-21. Process for chemical cleaning of OFE copper.

Vapor degrease in 1,1,1 trichloroethane for 5 minutes

Alkaline soak clean in Enbond Q527 cleaner at 180°F for 5 minutes
Rinse in cold tap water for 2 minutes

Immerse in room-temperature hydrochloric acid (50%) for 1 minute
Bright dip to produce desired surface finish

Rinse in cold tap water for 2 minutes

Immerse in room-temperature potassium cyanide for 15-20 seconds
Rinse in cold tap water for 1 minute

Rinse in cold de-ionized water for 30 seconds

Rinse in 150°F de-ionized water for 30 seconds

Immerse in isopropyl alcohol at 115°F for 30 seconds

Blow dry with dry nitrogen gas

Dry in oven at 150°F

Wrap openings in lint-free tissue and food-grade aluminum foil

Dipole chamber

Cathode plate

Insulator

Anode plates

Separator screen &

Fig. 5-53. CAD model of HER DIP module.
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Beryllium-copper contact fingers between the titanium cathode and chamber wall
provide conduction cooling for the cathode plates. These spring contacts, spaced along
the length of the cathode, are designed to remove the heat flux of 0.01 W/cm? generated
by the cathodes. The cathode plates have been shaped to provide the necessary stiffness
to carry the contact spring force. '

A formed, slotted screen, which separates the beam passage from the pump passage,
provides RF continuity for the beam yet allows high conductance between the two
passages. The screen contains six rows of slots on a pitch of 10 cm; each slot is 0.25 cm
high by 9 cm wide, providing a calculated conductance of 1400 L/s/m. Where possible,
slots in the screen have been aligned with the spaces between the anode plates to improve
the overall conductance of the pump-screen combination. The height of the slot was
selected to keep the contribution to beam impedance to a negligible level, and the
height-to-depth ratio of 0.52 for the slot was chosen to minimize the effects of RF
interference during operation.

We plan to validate the distributed ion pumping calculations by testing a series of DIP
modules in a test stand using a PEP-II dipole magnet to simulate actual ring conditions.
The test stand, now nearing completion at LLNL, will test various pump parameters,
including cell diameter, cell arrangement, spacing between plates, magnetic field strength
and uniformity, and anode voltage.

Test anodes will have five or seven plates, and the separator screen will contain either
six or eight lines of slots to match the anode geometry. Initial testing will begin with N,
gas. However, the final design will be tested with CO, CO,, H,, CHy, and Hy/CO gas:
mixtures. We also intend to test a DIP module design from NSLS to provide a
comparison and calibration with the production PEP-II design.

Tests by Laurent [1992] have shown that, in practice, DIP pumping speed can match
theoretical calculations. However, this agreement with theoretical performance is
contingent on maintaining extreme cleanliness during fabrication and assembly.
Therefore, we will fabricate and clean all parts using the cleaning procedures described
above. Then, all stainless-steel parts will be baked at 900°C for four hours; the titanium
cathodes will be baked at 800°C for four hours, and the copper parts will be baked at
200°C for 24 hours. Following baking, all parts will be stored and assembled in a clean
environment.

Quadrupole Chamber. The quadrupole chamber is actually a combination of
elements. Pumping plenums for the two lumped differential ion pumps are included as
part of this chamber, as are the BPMs, located at every QD magnet (one per cell). Each
quadrupole chamber also includes a bellows to accommodate the thermal expansion of
the dipole chambers. Finally, inside the pumping plenums, low-angle masks shield the
downstream bellows and flanges from synchrotron radiation. This entire unit is
supported by the same raft that supports the quadrupole and sextupole magnets, as shown
in Fig. 5-54.

Although the pieces of the quadrupole chamber perform various functions, they are
all integrated into a single assembly. Indeed, a single extrusion spans the entire
quadrupole chamber, and the various components, such as the masks, BPM, and pumping
plenums, register into, and weld onto, this extrusion. This approach ensures maximum
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Fig. 5-54. Layout of HER arc quadrupole chamber.

accuracy for the positions of the BPM and masks, both of which must be precisely
located.

The quadrupole chamber will be fabricated using the same techniques as the dipole
chamber: An extruded chamber and a cooling bar are electron-beam welded together, and
the stainless-steel flanges are TIG-brazed with Cusil. The pumping plenums, masks, and
bellows will be assembled using conventional techniques, such as GTAW and hydrogen-
furnace brazing. Below is a description of the various parts of the quadrupole chamber,
their design criteria, and the present state of the development work. -

BPM Design and Testing. Approximately 150 BPMs will be installed in each PEP-II
storage ring. They will be located adjacent to the QD quadrupole in each cell, 96 in the
arc sections, 40 in the straight sections, with some special BPMs in the IR. The design
we have chosen (see Fig. 5-55) is based on a BPM feedthrough used in Sincrotrone
Trieste, ESRF, APS, and other machines. Small ports will be welded into the quadrupole
chamber pump cell, and the feedthroughs will be connected to the chamber by mini-
Conflat flanges. The miniflange-mounted feedthrough assembly integrates a ceramic -
insulator, a 1-cm-diameter metallic button, and a type-N connector in an electrically
smooth 50-€ unit. This design is simple, reliable, and easily replaceable in the field. As
noted, the synchrotron radiation masks in the pumping cell absorb radiation that would
otherwise strike the BPM. The masks are water cooled and thermally isolated so that
movement of the BPM unit is minimal.

The BPM will be fabricated such that the location of its electrical centerline is within
10.004 in. (0.1 mm) of its mechanical centerline. The unit will be calibrated using a
technique used in the SLC and the ALS whereby each button is pulsed and the response
of the other buttons is measured. This technique eliminates the need for expensive
calibration fixtures and may be repeated in the tunnel should a problem be suspected.
The BPM will be located within +0.010 in. (30.25 mm) of the quadrupole axis. The BPM
position will be surveyed to within 0.002 in. (0.05 mm) and the measured offset entered
into the project database. The BPM support will be designed to maintain long-term
positional stability with respect to the quadrupole within +0.001 in. (+0.025 mm).
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Pumping plenum
(details removed for clarity)

Fig. 5-55. CAD model of an HER arc BPM, integrated with the pumping plenum
_ and quadrupole chamber extrusion.

Prototype feedthroughs are on order from two manufacturers for electrical bench tests
and mechanical lifetime testing. A prototype BPM has been fabricated and is being
prepared for installation in the SLAC linac for testing with electron and positron beams.

Bellows Design and Testing. The bellows (see Fig. 5-56) allows for the expansion of
the vacuum chambers, while still providing a uniform chamber cross section to reduce the
impedance seen by the beam to less than 0.05 . Furthermore, it serves as the capstone
for the cell—it is the last piece installed and the first removed should servicing be needed.
The bellows provides sufficient room to maneuver the large and heavy vacuum chambers
into place.

As discussed in Section 5.2.4.2, the chamber expands by different amounts depending
on the operational mode of the machine. Table 5-22 summarizes these different
operational modes, -the corresponding compression requirements for the bellows, and the
number of cycles for each of the compressions for which the bellows is designed.

Part of the bellows assembly is a bellows shield, which isolates the welded bellows
shape from the beam chamber and ensures that the beam sees a beam pipe of uniform
cross section. This shielding is done with prestressed cantilevered beryllium-copper
spring fingers that slide along the inside of the beam passage as the bellows is being
compressed. RF testing of this finger design is now being performed at LBL.
Preliminary results show that the impedance of the bellows shield is as low as that of the
chamber itself and that the finger shape will not lead to HOM power losses from the
beam. The fingers are designed to maintain a relatively high contact pressure of 0.20
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Fig 5-56. CAD illustration of the HER arc bellows, showing inner RF shield.

Table 5-22. Compression requirements for HER arc bellows.

Operational mode Bellows compression (in.) Number of cycles
Installation ' 1.0 100
Nominal (0.99-A beam) 0.09 100,000
Max. design (3.0-A beam) 0.2 100,000
150°C in situ bakeout 0.65 10
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pounds per finger, despite any lateral offset introduced into the bellows assembly.
Fatigue testing of the sliding contact joint will determine the optimal surface finish and
plating material to eliminate both galling and the potential for cold-welding in the UHV
environment.

Mask Design. Each quadrupole chamber pumping plenum contains one mask, which
shields the neighboring flanges and bellows from the synchrotron radiation (see Fig. 5-
57). (The thin bellows fingers and RF gaskets at the flange joints cannot be sufficiently

cooled to preclude overheating, so the masks must protect them from damage.) The
~ masks are independently cooled, and thermally and mechanically isolated from the rest of
the chamber. The slope of the upstream face of the mask is only 3°, so the maximum
linear thermal flux on it is 225 W/cm, compared with a maximum of 102 W/cm on the
chamber wall (at 3-A beam current). Finite-element analysis shows that, although the
maximum temperature of the mask reaches 90°C, and the local temperature at the point of
incidence of the radiation exceeds 180°C, the peak stresses are low. This is because the
mask is free to expand as it heats and is not constrained by cooler parts of the chamber.
Thermally isolating the mask from the neighboring chamber ensures that it is not a heat
source that could locally distort the chamber. This is especially important for the mask
shielding the BPM, a component that requires high thermal and mechanical stability.

The masks protrude into the beam chamber by as much as 4.5 mm. Although they
stay well outside the beam-stay-clear aperture, they would give an asymmetry to the

Quadrupole
chamber extrusion

Dummy
mask
Slotted
Mask with beam pipe
cooling
Pumping
plenum
Pump flange

Fig 5-57. Mask and symmetrical dummy mask inside a typical pumping plenum
chamber. Note slotted beam pipe for improved vacuum conductance to pump.
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chamber. To restore transverse symmetry, dummy masks will be added to the opposite
side of the chamber.

Supports. The quadrupole and dipole vacuum chambers sit on supports that mount to
the quadrupole magnet support raft. Thus, the vacuum chambers maintain close
alignment with respect to the quadrupole magnets of each cell. As discussed above, the
BPM position must be tightly maintained, thus the support for the BPM provides rigidity
to hold position, despite the weight of the vacuum pumps, transient loads, and thermal
expansion of the chamber at operating temperature. (These loads exert up to 500 pounds
of force on the support.)

The two remaining supports, one supporting the opposite end of the quadrupole
chamber and the second supporting the dipole chamber across the bellows from the BPM,
must also provide vertical and lateral rigidity, but must flex axially to accommodate the
thermal expansion of the chamber. These supports will be modeled after the original
SLAC flex plates, which have been supporting the disk-loaded linac waveguides for 30
years. This support consists of two stainless-steel sheets that are pretensioned by a
copper-alloy plate that is cooled in liquid nitrogen, inserted between the sheets, then
allowed to warm to room temperature. The resulting prestress produces a support that is
extremely rigid laterally and rotationally, yet free to flex along the beamline.

5.2.4.4 Straight Section Design.

Standard Chambers. Although the six straight sections of the HER contain all of the
nonstandard equipment for the machine, there is still a “standard” cell, consisting of a
focusing and defocusing quadrupole, whose centers are spaced 7.709 m apart. The beam
pipe consists of 3.75-in.-diameter 316L stainless-steel tubing, sized to clear the 100-mm
bore of the quadrupole magnets. As in the arc cells, each QD has an associated BPM. A
bellows at each quadrupole takes up the thermal expansion of the chambers, and two
pump cells complete the layout of the straight section half-cell.

The other components used in the straight sections are generally adaptations of the
corresponding items used in the arcs. The BPM uses identical electrodes, but will be
installed in round tubing instead of the octagonal arc chamber. The bellows will be
designed using the same sliding-finger RF shield, and incorporating the same criterion for
maximum compression at bakeout as in the arcs. However, for the straight sections, they
will be modified to fit the 3.75-in. tubing. The pump chambers will be modified slightly
to accommodate the round tubing and will also be fitted with different pumps to better
handle the particular pumping requirements of the straights (see below). Because there is
no synchrotron radiation produced in the straight sections, local masking is not needed at
every pump cell. Instead, discrete masks will be placed at three places along the straight
‘section to intercept the low-angle radiation coming from the last bend magnet of the arcs.
For the same reason, cooling of the chamber is not needed.

Vacuum Analysis. There are two significant differences between the arcs and the
straight sections—in the straights there is little or no synchrotron radiation and there are -
no dipole bending magnets. Thus, the vacuum design of the arcs, based on the use of
distributed ion pumps in the dipoles to provide the bulk of the pumping, cannot easily be
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transferred to the straights. A different approach is required, which considers only the
thermal gas desorption from the stainless-steel chamber walls and which counts only on
discrete ion pumps to maintain the required pressure.

Because of the symmetry of the vacuum system in the straight sections, the pressure
curve can be modeled analytically, using the following formula:

-L—) +(2)- L] (5-25)

P, =
= = B+ 6~ e

This quadratic equation models the pressure curve as an inverted parabola, which
reaches its peak value midway between pumps. Parameters used to evaluate the straight
section pressure profile are summarized in Table 5-23.

The values in Table 5-23 correspond to the use of two 220-L/s ion pumps in each cell,
one at each quadrupole magnet. With this configuration, the average pressure is

= [gnBL)(C 4+ 1
Py = (QD C)(Sp +3) 526
= 2.4 nTorr

This is below the 3-nTorr design pressure for the straight sections. A plot of the
pressure profile for a half-cell is shown in Fig. 5-58.

Table 5-23. Parameters used in evaluation of straight section

pressure profile.
Thermal outgassing rate, gp [Torr-L/s/cm?] 1.0x 1011
Perimeter of beam chamber, B [cm] 289
Half-length of a half-cell, L [cm] 385
Pumping speed?, S, [L/s] 100
Chamber conductance, C [L/s] 24.8
3For half-length of half-cell.
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Fig. 5-58. Pressure profile of HER straight section half-cell.

5.2.5 LER Vacuum System

5.2.5.1 System Overview. The LER vacuum system concept is considerably different
from that of the HER. Optimization of the LER magnetic lattice, and differences in the
bending magnet design have resulted in extensive differences in the arc vacuum system.
Nonetheless, the design has been optimized to take advantage of the fabrication
techniques developed for the HER vacuum chambers. Operating pressure requirements
for the LER are the same as those for the HER. However, due to the lower beam energy,
the LER heat loads are lower, making the thermal design less demanding than that of the
HER. ]

All pumping in the LER is by means of lumped sputter-ion pumps. To provide stable
argon pumping speed (in case of small air leaks), one pump in each cell will have
“differential cathodes” (of titanium and tantalum). An evaluation was done on the use of
TSPs and NEG pumps, which potentially provide high pumping speed at low pressures
and at somewhat lower cost. Calculations showed that the gas loads in the PEP-II LER
arcs would require frequent regeneration of either type of pump. For PEP-II, the loss of
operational time during regeneration was considered an undesirable feature and the risk
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of lost beam time due to accidents during the frequent regenerations was judged
unacceptable. Ion pumps, in contrast, are very reliable and many of them are available
from PEP for reuse. It is expected that some combination of TSPs and NEG pumps will
be used in special sections of the machine where gas loads are not so high and where very
low pressure must be maintained. '

The periodic layout of the magnet lattice in the LER is similar to that of the HER—
the cells of the two rings are the same length and stacked one atop the other, as shown in
Fig. 5-59. Major differences between the two rings, however, are the length and
placement of the dipoles. A standard FODO cell in the LER contains the following
magnetic elements: (1) focusing quadrupole, (2) focusing sextupole, (3) drift,
(4) corrector, (5) dipole, (6) defocusing quadrupole, (7) defocusing sextupole, (8) drift,
(9) corrector, and (10) dipole. Alternate arcs are mirror-symmetric both for the magnet
lattice and vacuum chambers, reflected about an axis from the interaction point at IR-2 to
the injection point in IR-8; that is, the pattern on one side is sextupole-quadrupole-dipole
and on the other is dipole-quadrupole-sextupole.

As in the HER, copper was chosen as the most suitable material for fabrication of the
arc vacuum chambers. In the straight sections, where the synchrotron radiation is
minimal, the vacuum chambers will be fabricated from 316L stainless-steel tubing.
Experience from SPEAR and PEP has demonstrated the wisdom of installing a large
vacuum system with flanged rather than welded interconnections. Standard stainless-
steel Conflat flanges with copper gaskets will be used, as these have proved very reliable
in the past. The inner dimensions of the vacuum chamber accommodate the beam-stay-
clear region required by beam dynamics and allow for the unavoidable errors in
fabrication and mechanical positioning. The cross section (Fig. 5-60) was made as large
as would fit in a composite magnet pole profile in order to minimize the synchrotron
radiation linear power density and to maximize vacuum conductance.

- As in the HER, HOM losses will be kept to a minimum by keeping a uniform
chamber cross section where possible. Gently tapered transitions smoothly blend the
unavoidable shape changes. Pumping ports on the beam chamber are shielded by
screens. Copper contact rings between the flanges provide a smooth electrical path and
eliminate RF losses. In the interest of reducing the number of different components, the
LER and HER vacuum systems will be standardized wherever possible. For example, the
isolation valves, pump-out valves, vacuum gauges, and ion pumps with their associated
controllers will be the same type in both rings.

HER Dipole Pumping

Y chamber chamber Bellows /— LER
a0

sl (S

e, — g -. = l: 'S

Fig. 5-59. Illustration of standard arc cells, showing the LER above the HER.
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Fig. 5-60. Cross section of the LER vacuum chamber in the arcs; dimensions are
in millimeters.

5.2.5.2 Analysis. At a beam energy of 3.1 GeV, the critical energy of the synchrotron |

radiation is 4.9 keV. In this photon-energy regime, almost all the power is absorbed on
the inside wall of the vacuum chamber. With a nominal stored-beam current of 2.14 A,
the total power radiated in the arcs is 1288 kW, or 13.4 kW per cell. The power

distribution in Fig. 5-61 shows that the peak linear power flux, 33 W/cm, is deposited -

approximately 1.6 m beyond the exit of the dipole magnet; thereafter, the power
decreases rapidly along the cell. A maximum design energy of 3.5 GeV with a 3-A
stored-beam current was assumed for the thermal design. With these parameters, the

peak linear power density is 73 W/cm, which results in a calculated thermal stress of

1,000 psi and a wall temperature at the point of peak-power incidence of about 80°C.

A series of finite-element calculations has been completed using the maximum design
values for synchrotron radiation power. The temperature differential across the water-
cooled metal wall of the chamber was calculated to be 26°C, with a 21°C rise across the
surface film in the water. At the required flow rate of 10 gpm, the bulk temperature rise
percellis 11°C.

Within each cell, low-conductivity water (LCW) from the supply header will flow
out, in both directions, from the center of the cell through an LER dipole and quadrupole
chamber in series and then to the return header. A flow switch will be installed to
monitor for low flow.

A second consequence of synchrotron radiation is photodesorption. The gas load
produced by this mechanism is plotted in Fig. 5-34b, assuming a value for the
photodesorption coefficient of 77 =1 x 10-6 molecules per photon at the maximum value
of Psr. As aresult of leveling (see Section 5.2.3.4), the photodesorption coefficient used
in the pressure profile calculations varied from 1 x 10-6 molecules per photon at the peak
to 4.3 x 10~ molecules per photon at the point of minimum Psg. These leveled values
are in good agreement with values measured in the NSLS desorption tests [Foerster et al.,
1992]. The arrangement of sputter-ion pumps in the arc cells is shown in the layout of
Fig. 5-59. The total installed pumping speed per cell for machine startup is 780 L/s (two
220-L/s pumps, two 110-L/s pumps, and two 60-L/s pumps). (The pumping chamber
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Fig. 5-61. Plot of synchrotron radiation linear power density and vacuum pressure
along LER arc cell for the nominal beam energy and current.

will have an extra port to permit additional pumping if required to reach 3-A operation.)
The pressure distribution calculated with this configuration is included in Fig. 5-61.
Based on the above estimate of the desorption coefficient, the average pressure in the arcs
during nominal operation at 3.1 GeV and 2.14 A stored beam current will be 6.7 nTorr,
which is below the design requirement.

In the straight sections, the design pressure of 3 nTorr will be maintained by installing
220-L/s sputter-ion pumps at intervals of 7.7 m (that is, two per cell). Based on SLAC
experience, we have assumed a thermal outgassing rate of 1 x 10-!1 Torr-L/s/cm2. For
the region immediately upstream of the interaction region, 220-L/s pumps will be
installed at intervals of 3.85 m to obtain an operating pressure of 1 nTorr. With this
pump arrangement, the average pressure around the LER circumference is 6 nTorr. This
pressure was used in the lifetime estimate discussed in Section 4.3.

5.2.5.3 Arc Chamber Design. Each arc region vacuum system consists of sixteen
standard cells of dipole vacuum chambers with a 4-m-long straight pumping chamber
between magnet groups. The layout of one standard cell is shown in Fig. 5-59. There are
six beam chamber components per cell: dipole chamber, pumping chamber, bellows,
dipole chamber with BPM, pumping chamber, and bellows. The length of the dipole was
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chosen such that all of the synchrotron radiation it produces strikes the vacuum chamber
wall downstream from the magnet (see Fig. 5-61), where lumped vacuum pumps can be
easily located to remove the desorbed gas. Distributed ion pumps inside the dipole are
thus unnecessary. (Indeed, for a ring which such a low dipole packing factor, distributed
pumping in the dipoles would be ineffective.) As is typical of storage rings, the beam
chamber, which is of continuous cross section throughout the arc, is vacuum-conductance
limited.

The arc chambers are made from a single-wall copper extrusion such as that
illustrated in Fig. 5-60, with an extruded copper cooling bar electron-beam welded to the
outer wall of the beam passage. The adopted cross section gives a small incident angle
between the synchrotron radiation and the vacuum chamber wall, thereby lowering the
linear power density to very modest values. The 2.36-m-long dipole chamber, shown in
Fig. 5-62, passes through the sextupole, quadrupole, dipole, and corrector magnets. It is
rigidly attached to the support girder between the sextupole and quadrupole, at the
location of the BPM. (Only alternate dipole chambers in the cell will contain a BPM,
those near the QD magnets.) Flex plates at the ends of the chamber will hold the lateral
position while allowing thermal expansion. A screened pumping port is provided
between the quadrupole and dipole. At the flange joints, RF seal rings will provide
continuity along the inner surface of the vacuum chamber. The outer wall of the vacuum
chamber will be tapered away from the beam so that synchrotron radiation does not strike
the vacuum flanges or RF seals.

Nearly all of the synchrotron radiation power is absorbed in the 5.01-m pumping
chamber, which is located immediately downstream of the dipole. The design, shown in
Fig. 5-63, uses a water-cooled, extruded copper beam chamber identical to that used in
the dipole chamber, with end flanges for interconnection. A bellows module at the
downstream end of the pumping chamber provides the necessary space for installation

Stainless-steel
vacuum flange

Extruded

LER chamber 60 L/s
ion pump

Fig. 5-62. Ilustration of LER dipole vacuum chamber.
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Fig. 5-63. Illustration of LER pumping chamber.

and accommodates thermal expansion. To facilitate connection to the dipole chamber, a
flex-joint at the upstream end of the pumping chamber allows angular compliance in the
flange joint. A strong-back support structure is envisioned for the pumping chamber to
support the weight of the ion pumps and to protect the long slender extrusion from
damage. Connections to the LCW system are external to the vacuum system, thus
eliminating water-to-vacuum welds that might develop leaks.

‘The arc vacuum system will be equipped to accommodate an in situ bakeout to
150°C. Hot water at 180°C, circulated through the LCW system, will supply the heat.
Testing done for PEP [Winch, 1977; Jurow, 1976] showed that spacing the vacuum
chamber away from the magnet poles to create an air gap provides sufficient insulation.
Finite-element analysis of the PEP-II vacuum chambers shows that, for a copper chamber
(which conducts even better than an aluminum PEP chamber), the desired bakeout
temperature is reached without requiring thermal insulation of the vacuum chambers.
The existing PEP hot-water bakeout system will be upgraded for PEP-II operation.

The LER BPM assembly will be similar to that of the HER. The BPM feedthrough
assemblies are identical to those of the HER but are mounted directly on the dipole
chamber extrusion via individual flanged ports, as shown in Fig. 5-64. BPMs will be
calibrated using the same noninvasive technique as in the HER, and will be rigidly
mounted to the quadrupole magnet to the same level of accuracy as in the HER.
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Fig. 5-64. Cross section of LER arc dipole chamber showing BPM configuration.

The basic bellows concept shown in Fig. 5-65 is identical to that for the HER, except
for a mask located upstream from the bellows to mask it (and associated vacuum flanges)
from synchrotron radiation. The bellows is located in the region with lowest power
density, so the linear flux on the mask is very small.

'5.2.5.4 Straight Sections. Each of the six straight sections has a length corresponding
almost exactly to eight standard cells. Included in these sections are the RF cavities, the
~ injection septa, beam pickups and kickers, horizontal and vertical beam collimators, and
BPMs. One of the straight sections houses the common interaction region for PEP-II and
thus has a unique layout. There are also 28 empty FODO cells in the ring. The beam
pipe in the LER straight sections, made from standard 3.75-in.-OD stainless-steel tubing,
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Fig. 5-65. Perspective of LER arc bellows .

along with the bellows, BPMs, and supports, will be essentially identical to components
in the HER straight sections. The pumping configuration will be consistent with that
designed for the HER. All-metal, RF-sealed, 100-mm-bore isolation valves are Jocated in
the straight sections at the end of each arc. To protect the RF cells in the event of an
accidental vent to air, and to facilitate their conditioning, additional valves are also
provided to isolate them. Isolation valves will also be installed on either side of the
interaction region at 5.2 m from the IP.
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5.2.6 Radiation from Wigglers

To provide acceptable beam-beam tune shifts, the natural emittance of the LER must be
increased considerably beyond that resulting from the arc dipoles alone. In addition, we
have discussed in earlier reports [LBL, 1989; LBL, 1990] the potential advantages of
having equal damping decrements in the high- and low-energy rings to minimize the
effects of the energy asymmetry on the beam-beam interaction. For these reasons,
wigglers will be used to create additional energy loss and control the beam emittance in
the LER.
The damping decrement for a storage ring can be written as

=T _ Uo
A= T - 2E (5-27)
from which it is clear that, for equal damping decrements, the required synchrotron
- radiation energy loss per turn for the high- and low-energy rings must 31mply scale
proportionately to the beam energy in the ring.
In the high-energy lattice (p = 165 m; E = 9 GeV), the total energy loss, which is
dominated by the normal bends, is Uy = 3.58 MeV/turn. For equal damping decrements,
then, we need an energy loss in the LER of

E,

Uo+ = Up- =+ z

= 3.58 (%-(1)—) =124 [MeV/tum] (5-28) -

In the LER, we have a bend radius of p = 13.75 m. The energy loss from the
horizontal bends can be estimated as

Uy = 0.0885 Epi [MeV/turn] (5-29)

giving Uy = 0.59 MeV/turn, that is, only about half of the requisite amount.. (To create
the matched damping decrement from the bending magnets alone would require a bend
radius of 6.75 m, which would be, at best, inconvenient in terms of thermal power
density.) In addition to the contribution from the horizontal bends, we must take account
of the synchrotron radiation emission in the horizontal and vertical bends used to steer the
low-energy beam from the IP into the arc sections (which lie above the plane of the
HER). The energy loss from all of the magnets in the IR can be calculated from

Uoy = 1.266x 103 E2 Y B, [MeVi/tum] (5-30)
i

where E is in GeV, B; is the dipole field in T, and L; is the bend length in meters of the ith
magnet. This gives a total contribution of 0.12 MeV/turn. Thus, the lattice itself
contributes a total energy loss of 0.71 MeV/turn from the bending and separation
magnets.

To reach equal damping decrements, then, we must produce an additional energy loss
of 0.53 MeV/tum. This will be accomplished by including wiggler magnets in two of the
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LER straight sections. As already mentioned, these wigglers also serve as a means of

emittance adjustment for the LER; this adjustment works by creating a dispersion

“bump” at the wiggler locations. By locating the wigglers in shallow chicanes off the

principal axis of the straight section, the rms dispersion in the wiggler can be controlled

externally to the wiggler. This additional degree of freedom extends the range of
allowable wiggler characteristics. It also allows us to project the radiation into a distant

photon dump and to spread the wiggler radiation along the side walls of the dump

beamline.

Four wiggler sections, with six periods of Iy = 0.67 m, are included in each of two
utility straight sections, as discussed in Section 4.1. The total length of wigglers is thus
32 m and the magnetic length is 19.2 m. A schematic drawing of the layout is shown in
Fig. 5-66. For a wiggler composed of alternating-field dipoles, the total radiated power in
MeV/turn is again given by Eq. 5-30. A wiggler field of B = 1.51 T is therefore needed
to provide the additional 0.53 MeV/turn to fully equalize the damping decrements.

At the nominal current of 2.14 A, each wiggler will produce about 0.6 MW of
synchrotron radiation power, with a critical energy of 9.6 keV. Most of this power will
be dealt with externally to the ring vacuum chamber in specially designed photon beam
- dumps. However, some of the power will be deposited on the side walls of the vacuum
chamber in the vicinity of the wiggler. To compute the power density at the dump and on
the walls, we must estimate the angular distribution of the radiation. A precise
description of radiation from a nonsinusoidally varying wiggler in the near field is not
given in the literature, but we can modify the far-field description for standard wigglers
given by Kim [1986] and apply it to segments of the wiggler to evaluate the resultant
vacuum system requirements [Barletta and Garren, 1990].

Denoting the horizontal angle by 8 and the vertical angle by y, we can write the
power density in W/mrad? as

dP _ 21y
4F (0,y)= 1==Uow I Nw G fx(10.19) (5-31)
Lw I
T, ’!‘
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Fig. 5-66. Schematic representation of the vacuum chamber in the region of the
LER damping wigglers. '
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where Uy, is the synchrotron radiation loss in one wiggler period, I is the beam current
in A, Ny is the number of wiggler periods, and G and fg are universal functions. For the
bend-drift configuration, Uy, is given by Eq. 5-30, where the wiggler magnetic length is
substituted for L;. For a standard wiggler, X is the usual wiggler parameter defined (for B
in T and A in cm) by ‘

K = 0934 B, A, (5-32)
The normalization factor G(K) is
(K 6+ 28 K44 &)

7 7
(1 +1<2)7’2

GK) = K (5-33)

For X » 1, G(K) — 1; moreover, the angular distribution is sharply cut off in the wiggler
bend plane. In the limit X — oo, the normalized angular distribution function fx(79, )
is given by

2
7w =1 - (J9IK)? 1L__ W 5-34
From Eq. 5-34 one sees that the radiation is spread over a horizontal angle 26,,, where
=K
O =5 (5-35)

For the bend-drift configuration, 6,, is the bend angle in a single dipole. In that case
Eq. 5-35 becomes the defining relation for an effective K value, K¢ Given this K¢, we
apply the formalism for the standard wiggler. In the nonbend (vertical) plane, the rms
angle of the radiation is ’ .

172
Yw = ?‘ + 9%) (5-36)
Y

At 3.1 GeV, the second term in Eq. 5-36 is dominant, and y;, = 1/y=0.13 mrad to a good
approximation. At the nominal operating current of 2.14 A, each wiggler generates
35kW/m. The opening half-angle of the radiation is 15 mrad. Therefore, if the vacuum
chamber is to intercept less than 20% of the radiation generated (to avoid an impractically
high power loading on the crotch and on the side walls), the enclosure needs to be quite
wide. By integrating Eq. 5-31 over y for K¢, one can determine the power density on
the side walls of the enclosure.

With regard to pumping requirements, there is a weak trade-off between increasing
the static load from widening the chamber and minimizing the dynamic load by avoiding
the photon fan. In the wiggler region, which occupies only 1.5% of the circumference of
the ring, we have relaxed the required operating pressure to 10 nTorr.
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The broad radiation fan suggests the use of a tapered stainless-steel chamber, as
illustrated in Fig. 5-66. The photodesorption coefficient of the chamber is assumed to be
2 x 106, The width W; should be as narrow as possible to maintain a practical
quadrupole design. With this constraint in mind, the required pumping, which ranges
from less than 5 L/s/m in L, to about 30 L/s/m in Ly, is obtained for W; = 24 cm and
W3 = 40 cm. The corresponding thermal loads range from less than 0.1 to 1.3 kW/m,
respectively, on each side wall of the wiggler enclosure.

From Eq. 5-31, we can estimate that, at 2.14 A, the power denS1ty in the forward
direction will be 1.0 x 105 W/mrad2. We also find that 80% of the radiation is emitted
into 7.7 mrad2. Hence, we can compute the distance from the end of the wiggler to the
photon dump, such that the power density is limited to 2 maximum value of 1 kW/cm2.
The distance from the wiggler to the dump, Lp, can be foreshortened by tilting the dump
at an angle of about 15° with respect to the vertical. For a tilted dump, Lp should be
about 27 m. Although roughly 10% of the power will actually be deposited on the walls
of the wiggler chamber, we estimate the gas load at the dump assuming that all the power
is incident there. We find that, for a copper dump with a photodesorption coefficient of
2 x 1075, the gas load at the dump is Qaymp = 7.4 x 10-5 Torr-L/s.

By considering the flared vacuum chamber from the wiggler to the dump to be a long,
differentially pumped manifold, we can allow the pressure at the dump to rise to a much
higher value than that required in the beam pipe. At the dump, the maximum horizontal
extent of the radiation fan is 1.3 m, whereas the vertical extent of the radiation is only
1.3 cm. To lower the conductance of the photon channel, we take the chamber height to
be 8 cm; baffles will also be added as needed to reduce the vacuum conductance into the
wiggler straight section to 250 L/s.

The minimum total pumping of the dump plus photon channel is obtained by
choosing the pressure at the dump to be 30 nTorr. This pressure requires 2000 L/s of
pumping at, or near, the dump. This could be provided, for example, by installing large
titanium sublimation pumps. Distributed pumping of 50 L/s/m along the photon channel
reduces the pressure to 10 nTorr at the exit of the wiggler. More novel approaches, such
as having the radiation fan strike NEG panels, are under study [Halama and Guo, 1990].

A C-frame bending magnet 5 m downstream from the wiggler exit bends the positron
beam out of the radiation fan and into the straight beamline. The crotch can thereby be
located away from the radiation fan of the wiggler. The straight beam pipe leaving the
crotch is a special section of stainless-steel pipe, with a restricted aperture of less than
3 cm. Lumped ion pumps, providing 80 L/s of pumping speed in the region starting 10 m
beyond the crotch and extending 5 m downstream of it, will reduce the pressure to
3 nTorr. At this point, a transition section will match the beam pipe dimensions to the
standard straight-section vacuum chamber cross section.

5.2.7 Interaction Region Considerations

The interaction region is the heart of the entire PEP-II facility. Because the detector is
located in the IR, and because the separation of the two beams takes place here, there are
a number of special requirements and special constraints that must be accommodated by
the hardware. The design issues that must be considered are mainly those associated with
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the need to protect the detector from backgrounds. As discussed in Section 4.2, various
masks are used in this region to protect the detector components and other sensitive
equipment from the synchrotron radiation emitted as the beams are being magnetically
separated, and these masks perforce intercept some of the synchrotron radiation power.
The issues that we consider here include:

» Local pumping to deal with the photodesorption from those mask and beam pipe
surfaces hit by the synchrotron radiation fans

» Cooling of the detector beam pipe masks to remove the synchrotron radiation
power

» Cooling of the septum masks that shield the septum quadrupole (Q2) from the
high-power synchrotron radiation fans

* Cooling of the very thin beam pipe in the center of the detector to remove the
power due to wall-current and HOM heating

5.2.7.1 Local Pumping. The pressure requirements inside the detector in the region
upstream of the permanent-magnet quadrupoles are set by beam-gas bremsstrahlung
events leading to lost beam particles. Within about 20 cm of the IP, the limitation arises
from electron-nucleus events leading to spurious triggers. For beam-gas interactions, we
would like a pressure of 0.2 nTorr or lower outboard of the upstream Q1 magnet (for each
beam). Very near the IP, estimates based on calculations [Lightbody and O’Connel,
1988] indicate that some tens of nanotorr should suffice, although measurements with
Mark II at PEP suggest a more stringent limit. For PEP-II, a precise calculation requires
more knowledge of the detector and trigger design than is now available, so the simple
estimates must suffice.

- Pumping inside the detector is provided by DIPs inside the permanent-magnet Q1
quadrupoles. It seems feasible to provide pumps with 150-L/s effective speed, including
the conductance of the RF screen required to isolate the pump structure from the beam
[Hartwig and Kouptsidis, 1974]. The principal gas load comes from photodesorption by
the synchrotron radiation hitting the HEB and LEB masks inside the B1 magnets. To
estimate the magnitude of the gas load, we use a desorption coefficient of 2 x 10-6
molecules/photon and a thermal outgassing coefficient of 1 x 10-1! Torr-L/s/cm2. With
these parameters, it will be possible to achieve the desired pressures.

As mentioned, maintaining a low pressure in the HER and LER straight sections that
contain the interaction region is critical in order to reduce detector backgrounds. Guided
by the background estimates discussed in Section 4.2, we have taken a design goal of
0.2 nTorr (N2-equivalent) for estimating the amount of pumping needed in the “source”
regions upstream of the IP (about 35 m for the HER and 15 m for the LER).

The incoming straight section of the HER has a photodesorption gas load associated
mainly with the high-power upstream dump (HPUD, see Section 5.2.7.9). About 6 kW of
synchrotron radiation from the low-energy beam impacts the wall in the upstream HER
straight section at this dump, which begins 17 m from the IP. Assuming a
photodesorption coefficient of 2 x 10-6 molecules per photon, the gas load will be 4.5 x
10-7 Torr-L/s/m in the vicinity of the dump. If this gas load were produced within the
beam chamber, it would be necessary to provide about 2300 L/s/m of pumping along the
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dump to reduce the pressure to 0.2 nTorr. For this reason, we have considered an
alternative approach—using a differentially pumped antechamber.

The arrangement we envision is shown schematically in Fig. 5-67. The duct
connecting the antechamber to the beam chamber has a height of 1.1 cm and a length of
30 cm. Cooling along the duct entrance and exit provides fault protection in case of beam
orbit shifts. In this arrangement, most of the gas load is removed in the antechamber by
TSPs that provide a pumping speed of 1200 L/s/m (just after pump regeneration). Gas
that leaks into the beam chamber through the long, low-conductance duct is pumped by
two rows of NEG modules. Although rows of virgin NEG modules will pump CO and
CO; at 700 L/s/m just after regeneration, we assume a maximum pumping speed of
350 L/s/m to account for degradation due to exposures to air early in the commissioning
history of the collider. As both the NEGs and TSPs have speeds that vary with time, the
upstream HER straight section pressure will not remain constant but will be bounded by
the values indicated in Fig. 5-68. These curves determine the required regeneration time
for the NEGs to be about 2 months and that for the TSPs to be about 1 week.

The LER gas load is due mainly to photodesorption associated with the horizontal and
vertical separation magnets that guide the low-energy beam into the IP. To handle the

~ thermal load and provide sufficient pumping to achieve the desired operating pressure, a

differentially pumped antechamber design similar to the chambers for the HER dumps
will be used. The IR straight section bending magnets are relatively short, 0.5to 1.2 m in
length, so the radiation produced in them first strikes the vacuum chamber wall
downstream of the magnet. At these locations, the synchrotron radiation fans will pass
through slots in the beam chamber wall to be absorbed on a water-cooled outer wall. The
absorber surfaces will be sloped so as to limit the maximum linear power density to
10 W/mm. A combination of TSPs and 400-L/s sputter-ion pumps (obtained from PEP)
will be used to achieve the desired operating pressures in the LER upstream straight
section.

/ chamber - Antechamber

AN

N
VSIS 1A

to TSP

Fig. 5-67. Schematic of differentially-pumped beam chamber in HER beamline
upstream of the IP.
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Figure 5-68. Pressure in beam chamber as a function of NEG pumping speed for
two TSP pumping speeds. The TSP curves shown bound the expected range of
pumping speed that will be covered between regenerations.

5.2.7.2 Synchrotron-Radiation-Absorbing Surfaces Near the IP. Areas in and around
the IP where synchrotron radiation energy is deposited are indicated schematically in
Fig. 5-69. These areas include the masks to protect the two septa, and the masks to stop
radiation from impinging on the walls of the vertex chamber and portions of the walls of
the vacuum chambers leading to and from the IP. All of these are considered in the
following sections; a more detailed description of the masks can be found in the note by
Lisin [1993]. Because reliability is crucial to the operation of PEP-II, it is important that
the inasks in the interaction region be designed conservatively. Below we estimate the
power from the high-energy beam based on a beam current of 1.48 A, rather than the
nominal 0.99 A. This will accommodate By in the HER up to 3 cm. The HEB septum
mask will be discussed first as it sees the most severe conditions and therefore poses the
greatest design challenge.

HEB Septum Mask. It is important that the vacuum walls of the septa in the two Q2
magnets be protected from incident synchrotron radiation. The septum on the incoming
HEB side (left side in Fig. 4-46) sees synchrotron radiation generated by the low-energy
beam as it passes through both of the B1 magnets. The HEB septum mask, located just
inboard of the septum, intercepts some of the synchrotron radiation from the B1 magnets.
Characteristics of those portions of the B1 synchrotron radiation fans that hit the mask are
summarized in Table 5-24.
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Fig. 5-69. Synchrotron radiation absorption in the vicinity of the interaction
region. Power values correspond to a nominal beam current of 2.14 A in the LER
and a 1.48-A beam current (compatible with a 3-cm vertical beta function at the
IP) in the HER.

As shown in Fig. 4-47, the fans from the two B1 magnets overlap, so their heat inputs
- are additive. This results in a total power deposition in the HEB septum mask of 3502 W
and a linear power density (normal to the radiation fan) of 168 W/mm. Table 5-24 shows
the contribution from each source. The table also lists the synchrotron radiation fan
height for a zero-emittance beam, which we take for design purposes.

A linear heat flux of 168 W/mm in a narrow stripe would result in excessive
temperature and stresses, so the surface on which the synchrotron radiation is incident
must be sloped relative to the radiation fan. In this case, we must create the slope by
rotating the surface of the mask about an axis that lies in the plane of the radiation fan and
is normal to the direction of the fan. Such a rotation avoids having the photons hit the
leading edge of the mask, which cannot be adequately cooled. The central portion of the
mask must have a very shallow slope in order to be able to absorb the very intense linear
heat deposition rate of a narrow fan, while the mask must be sufficiently tall to intercept
the fan from a more diffuse beam. The slopes at the ends of the mask can be much

Table 5-24. Synchrotron radiation power on the HEB septum mask.

Power Normal linear flux ~ Fan height
Source W) (W/mm) (mm)
HEB side B1 2078 102 0.67
LEB side B1 1424 66 1.02
Total 3502 168 —
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- steeper than that of the central portion, because the synchrotron radiation power density is
lower with a broad fan. A slope of 1:50 in the central portion is sufficiently flat to give a
reasonable heat flux through the body of the mask and across the metal-to-water interface
with a 0.67-mm-high fan. With such a slope, the fan is absorbed over a length of 34 mm.
The steeper ends are designed to give the same heat flux through the body of the mask
and across the metal-to-water interface as for a zero-emittance beam striking the 1:50
slope. The central 1:50 sloping portion is extended to a total length of 137 mm to cover a
1 mm vertical steering error. The total length of the mask is approximately 390 mm.

Figure 5-70 shows the HEB septum mask geometry. The lightly shaded area
represents the synchrotron radiation fans streaming from right to left. The tip of the mask
lies below the plane of the fans and sees no radiation. As the absorbing plane rises, it
intersects the bottom surfaces of the fans at about 180 mm from its leading edge. The
next 34-mm section (more heavily shaded area) absorbs the synchrotron radiation. The
last 180-mm section lies above the plane of the fans and sees no synchrotron radiation.
To coincide with the beam-stay-clear boundaries, the sides of the mask are angled such
that the mask is 14.5 mm wide at its tip and 22 mm wide at the septum end. The corner
of the septum is located 46 mm from the collision axis.

Figure 5-71 shows the mask configuration used for the thermal analysis. The cooled
surface is scalloped so that cooling tubes can be brazed to it. The use of scallops gives
the maximum possible contact surface between the mask body and the cooling tubes.
Three 6.3-mm (1/4-in.) OD cooling tubes, slightly flattened at the 14.5-mm-wide end, fit
into the scallops. (Three tubes are used, rather than a single large passage, to give a
greater convective heat transfer area.) Cooling water flows through the three tubes in
parallel.

' 390

SR impingement area
for fan from zero-emittance beam -— |EB
(surface slope = 1:50)

B1 synchrotron
_radiation fans

Fig. 5-70. HEB septum mask geometry (plan view). The incident synchrotron
radiation fans from the B1 magnets originate approximately 2.2 and 3.1 m away
Jrom the mask surface.
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Synchrotron
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145 —

Fig. 5-71. Heat transfer model of HEB septum mask. The total power deposited is
3502 W. Synchrotron radiation from a centered, zero-emittance beam strikes the
mask between points a and b.

The HEB septum mask design is summarized below:

Geometry as shown in Fig. 5-71
Three cooling tubes, 6.3-mm OD x 1-mm wall thickness

Cooling water flows through the tubes in parallel, at a velocity of 4.6 m/s; total
flow required is 15 L/min (4 gpm)

Cooling water bulk temperature rise of 3.3°C

Heated-surface-to-cooling-tube distance of 8 mm

Mask body made of a dispersion-strengthened copper such as GlidCop AL-IS
Maximum metal temperature of 310°C for 20°C inlet water

Maximurh thermal stress of less than 40,000 psi

The above parameters are based on two-dimensional spread-sheet calculations of
temperatures and hand calculations of stresses. Comparisons with earlier analyses of
similar designs indicate that hand-calculated stress values are higher than those found
from a full three-dimensional thermal and stress analysis using ANSYS. To avoid
operational problems, thermocouples will be mounted at several locations along the mask
to protect against excessive temperatures; the thermocouples may also prove useful to
sense vertical beam position.

LEB Septum Mask. As on the incoming HEB side, the septum on the incoming LEB
side (the right side of Fig. 4-46) must be protected from synchrotron radiation. The
radiation fans that hit the front of the LEB septum mask are generated by the high-energy
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beam as it passes through B2, Q4, and BH1 (see Fig. 4-48). Characteristics of the fans
that hit the LEB septum mask face are listed in Table 5-25.

The B2 fan extends over the entire width of the septum. The Q4 fan extends across
approximately half of the septum and the BH1 fan across the other half (that is, the Q4
and BH1 fans do not overlap). Therefore, half the septum sees a linear power density
normal to the fan of 60 W/mm and the other half sees 113 W/mm. The total power
deposited is 839 W. (An additional 62 W coming from B6 on the LEB side strikes the
edge of the mask.)

Compared with the HEB septum mask, the LEB septum mask must handle about one-
fourth of the total power and has a maximum linear heat flux only two-thirds as much on
half its surface (and one-third as much on the other half). The fan heights are essentially
the same. The LEB septum mask surface on which the synchrotron radiation is incident
will again have to be sloped. Although the heat flux is appreciably lower on half the
mask, it is still too high in this region to be absorbed by a sharp corner. Therefore, the
mask face will be sloped about an axis lying in the plane of the fan, as is the case for the -
HEB septum mask. The lower power absorbed by the LEB septum mask means that it
could be sloped slightly more steeply than the HEB septum mask, making it shorter.

LEB Mask. The LEB mask (see Fig. 4-47) has two surfaces on which synchrotron
radiation is incident. We refer to these as the “inboard” surface (nearer the IP) and the
“outboard” surface (farther from the IP). Both the inboard and outboard mask surfaces
prevent synchrotron radiation generated by the low-energy beam as it passes through Q1
from striking the vertex detector vacuum chamber wall; the outboard surface of the mask
additionally intercepts the synchrotron radiation fans generated in Q2, BS, and B6.
Figure 5-72 shows the LEB mask geometry. Table 5-26 lists the characteristics of the
synchrotron radiation fans that strike the mask.

- The outboard surface is struck by 1358 W of synchrotron radiation power in a fan of
0.5-mm beight, 72 W in a fan of 0.8-mm height, plus 765 W in a fan of 4.5-mm height.
The total power deposited on the outboard surface is thus 2195 W. The Q1 and Q2 fans
do not overlap, but the BS and B6 fans overlap both the Q1 and Q2 fans. The inboard
surface is struck by 1417 W of radiation in a fan that is 0.49 mm high. The small portion
of the Q1 fan that is not intercepted by the LEB mask (see Fig. 4-61) flies harmlessly past

Table 5-25. Synchrotron radiation power on the LEB septum mask.

Power Normal linear flux  Fan height

Source L)) (W/mm) (mm)
HEB side B2 110 : 7 1.58
HEB side Q4 379 53 0.76
HEB side BH1 350 106 0.73
Total 839 60or 113 —

364



5.2 Vacuum System

Outboard surface

— Vertex Inboard surface
/ detector ' (heated zone 96 mm)

(heated zone 99 mm)

ALIT1IIIIIIL LR e

l B >~ SRR R TR
| T

B1 magnet

——{

At Rt R AR

Fig. 5-72. LEB mask geometry, top view, showing zones heated by Q1 synchrotron

radiation fan.

Table 5-26. Synchrotron radiation power on the LEB mask.
Power Normal linear flux Fan height
- Incident on W) (W/mm) (mm)

Outboard surface

BS5 and B6 765 : 94 45

Q2 72 10 0.8

Ql 1358 91.7 (max) 0.5
Total _ - 2195 —
Maximum — 101.1 —_
Inboard surface

Ql 1417 ' 71.0 (max) 0.5
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the IR and is deposited on the wall of the outgoing LEB vacuum chamber beyond Q2; its
intensity is sufficiently low that its energy deposition can be ignored.

The linear power density normal to the fans striking the mask is sufficiently high that
the walls on which the synchrotron radiation is incident must be sloped. The outboard
surface has a slope of 1:6.7, and the inboard surface has a slope of 1:5; these slopes result
in surface linear fluxes of 15 and 14 W/mm, respectively. The slopes are created by
rotating about an axis perpendicular to the plane of the fan to gain full advantage of the
heat spreading normal to the plane of the fan. The slopes were chosen to be as flat as
possible while still precluding the possibility of scattered radiation entering the vertex
chamber after only one bounce. Fortunately, the slopes constrained in this way are still
sufficiently flat to reduce the surface linear flux to levels that can be readily handled.

Both surfaces of the mask will be cooled by the same water passages. Two parallel
water passages are milled into the body of the LEB mask/vacuum chamber straddling the
horizontal centerline, as shown in Fig. 5-73. Water is supplied at the outboard end of the
mask. The incoming water flowing through the passages removes the heat deposited by
the synchrotron radiation fan. Two similar passages, located approximately +90° away,
are used to return the water to the outboard end of the mask. Transverse flow passages to
connect the incoming and outgoing passages are milled into the mask body at its inboard
end. The outflowing water removes most of the heat generated by scattered radiation,
HOM losses, and resistive losses. A total water flow rate of 7.3 L/min (2 gpm) gives a
velocity of 4.6 m/s (15 fps) and results in a bulk water temperature rise of 6.8°C. The
water temperature rise due to the other heat sources is small and has been ignored.

Heat transfer and stress analyses of the model described above indicate that stresses
are sufficiently high to require the use of a dispersion-strengthened copper. Results of a
two-dimensional spread-sheet calculation of temperatures and hand calculations of
stresses (assuming a zero-emittance beam) are summarized below:

* Cooling water flow rate 7.3 L/min (2 gpm)
* Inlet water temperature 20°C

* Outlet water temperature 26.8°C

* Metal temperature drop (max.) 70°C

* Film temperature drop (max.) " 37°C

* Maximum metal temperature 134°C

¢  Maximum thermal stress <40,000 psi

The above stresses appear to be reasonably conservative for a material like GlidCop
AL 15, which has a fatigue strength of 48,000 psi at 10,000 cycles even after brazing at
800°C.

A more detailed analysis, using a three-dimensional thermal and stress code, will be
performed to verify the design.

HEB Mask. The HEB mask prevents synchrotron radiation generated by the
incoming high-energy beam as it passes through B2 and Q4 from striking the vertex
detector vacuum chamber wall. Table 5-27 lists the characteristics of the fans that strike
the mask.
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Fig. 5-73. Heat transfer model of LEB mask. Only inboard surface (see Fig. 5-83)
and incoming cooling channels shown.
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Table 5-27. Synchrotron radiation power on the HEB mask.

Power Normal linear flux Fan height

Source W) (W/mm) (mm)
HEB side B2 158 13 0.94
HEB side Q4 1281 96 0.43
Total 1439 109 —

The effects of the two fans are additive—the total power deposited in the mask is
1439 W, and the linear power density normal to the fan is 109 W/mm. As for the LEB
mask, the normal linear flux is undesirably high, so the mask surface must be sloped. A
slope of 1:8.5 was chosen so that no scattered radiation can enter the vertex chamber after
only one bounce. Such a slope reduces the surface flux to a level that can be readily
handled. The total combined surface linear flux is 13 W/mm.

Because the surface linear power density on the HEB mask is comparable to that on
the surface of the LEB mask, a cooling arrangement like that used for the LEB mask is -
adequate and will be employed.

Vacuum Chamber Thermal Issues. The septum side of the incoming HEB vacuum
chamber absorbs radiation generated by the high-energy beam as it passes through B2.
The total power incident on this wall is only 122 W, and the surface linear power density
is 0.3 W/mm. The septum side of the incoming LEB vacuum chamber also sees a small
amount of synchrotron radiation (135 W) generated by the LEB passing through B6.
These low-intensity heat sources do not require special cooling arrangements.

Portions of the same synchrotron radiation fans that hit the HEB septum mask (see
above) continue through the LEB exit chamber (see Fig. 4-62). The surface linear power
densities are 1.2 and 1.3 W/mm for a total of 2.5 W/mm. A water-cooling line will be
attached to the wall of the vacuum chamber to remove this heat. Heat removal in this
area will not be a problem, of course, as the surface linear heat flux is considerably lower
than that being handled in the arc vacuum chambers.

Vertex Detector Vacuum Chamber. The vertex detector vacuum chamber must be
designed to be compatible with the detector requirements. This means that it must have
the following features:

* It must be as transparent as possible to outgoing particles and photons from the
collisions over a length of 170 mm

* It must have as small an outside diameter as possible

* It must have an inside diameter of 50 mm or less
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Because heat deposited in the chamber by HOM heating and resistive heating will be
about 200 W, the vertex detector vacuum chamber must also be cooled.

Beryllium was chosen for the chamber wall material because of its low Z and
relatively high strength. The possibility of a beryllium tube cooled only at its ends was
considered, but a double-walled tube with a cooling fluid in the annular space was found .
to be a more transparent and more efficiently cooled design. An illustration of the
chamber concept is shown in Fig. 5-74. The ends of the beryllium tubes are brazed to
stainless-steel ends. A spacer ring between the inner and outer tubes at each end
maintains concentricity between the tubes to form an annular cooling passage 2 mm
wide. The stainless-steel ends are welded to the spacer ring to seal the ends of the
passage. Stainless-steel-to-beryllium joining technology that was used in the construction
of the SLD beryllium vertex chamber will be used. Figure 5-75 is a photograph of the
SLD chamber using such joining technology.

The outer wall thickness of the vertex detector chamber pipe is 0.4 mm, and its inner
wall has a thickness of 0.8 mm. Both will withstand a pressure of about 50 atm. Coolant
pressure will be considerably lower than this, so the safety margin is substantial. Indeed,
the thickness was chosen primarily to make the chamber more rugged and to minimize
chances of damage in handling.

Helium, hydrogen, and water were all considered as possible coolants. Although
helium is not quite as good a coolant as either water or hydrogen, the fact that it is inert
led to its being the coolant of choice. Beryllium and water appear to be compatible, but
some beryllium would certainly enter the water and be carried by it. Concern about leaks
and spills, and the resulting possibility of contamination, thus ruled out water. Hydrogen
should be compatible with beryllium, but was ruled out because of its flammability.

A
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Overall length, 170 mm

Inner tube thickness, 0.8 mm
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Gap between tubes, 2 mm

Fig. 5-74. Design for the double-walled beryllium vacuum chamber for the vertex
detector. Helium at 2 atm is used as the coolant.
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Fig. 5-75. Photograph of SLD vertex chamber.

Helium pressurized to 2 atm is quite adequate as a coolant. A flow of 22 g/s (Mach
number = 0.2) gives a helium temperature rise of 1.1°C and a film temperature drop of
2°C for a 200-W heat input. Thermal stresses are quite low at these temperature
differences. At least twice as much heat could be removed by the above flow should it
prove necessary. Furthermore, the wall thicknesses adopted would allow the use of
higher-pressure helium in the event that still more heat needed to be removed. Thus, the
vertex chamber beam pipe is very reliably and conservatively designed for use in PEP-II.

5.2.7.3 High-Power Beam Dumps. There are several radiation sources close to the IP
where the majority of the synchrotron radiation power is generated—the B1 dipoles and
offset Q1 quadrupoles. Although both the HEB and LEB liberate considerable power in
this region, the proximity of the sources to the IP means that most of the upstream
synchrotron radiation fans (and nearly all of the downstream fans) pass through the
detector area without hitting anything. To absorb the power, special dump areas are
installed on both the upstream and downstream sides of the IP. The high-power
downstream dump (HPDD), located in-the HER outgoing beam pipe, absorbs the power
generated by the HEB going through the IR (about 75 kW). The high-power upstream
dump (HPUD) is the repository of about 6 kW of power generated by the LEB. Because
those portions of the B1 fans from the LEB that do not strike the septum mask actually
exit the IP area in the HER pipe, this dump too is located in the HER, but in the
“upstream” portion (as seen by the HEB). Clearly heat removal per se will not be a
problem for either the HPDD or HPUD, as the total power values are moderate.
Nonetheless, the power densities are high enough to require special attention.
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High-Power Downstream Dump. The synchrotron radiation fans generated by the
high-energy beam (dominated by the contributions from the two B1 magnets) carry about
75 kW of power. To keep detector backgrounds low, and to allow the synchrotron
radiation fans to spread, the bulk of the HEB radiation fan is dumped at a location
17-24 m away from the IP, just beyond the downstream string of B2 magnets in the HER
(see Fig. 4-49). We refer to this area as the high-power downstream dump. Locating the
HPDD at 17 m avoids congestion in the B2 area and allows flexibility in the design of the
B2 magnets. Furthermore, at a distance of 17 m from the IP, the fans have spread out
vertically to 0, = 2 mm (assuming a zero-emittance beam), a size sufficient to ease the
challenges of thermal management. '

The HPDD vacuum chamber has an antechamber design, with sufficient differential
vacuum pumping to maintain the required low pressure in the beam chamber. The
synchrotron radiation fan passes through a slot in the beam chamber wall and is absorbed
on a water-cooled outer wall in the antechamber. At 17 m, the linear power density
normal to the synchrotron radiation fans is 375 W/mm, which is unmanageably high.
However, if the absorbing surface has an initial slope of 1:40 relative to the fan, and the
slope gradually steepens as the fan power density decreases, the radiation can be absorbed
over a length of about 7 m, and the maximum linear power density can be held to an
easily manageable value of about 10 W/mm.

High-Power Upstream Dump. We must also deal with the power carried by
synchrotron radiation fans created by the low-energy beam passing through the IR. In
this case, the total power that escapes the IP area is only 5.8 kW—much reduced
compared with that from the high-energy beam. Furthermore, because of the lower beam
energy, the vertical spreading (which goes as 1/9) will be even greater than for the HEB.
Here too, the synchrotron radiation fans will be absorbed by a water-cooled dump (the
HPUD) starting at about 17 m upstream of the IP in the HER.

5.3 SURVEY AND ALIGNMENT

The primary goal of the survey and alignment activity for PEP-II is to align the lattice
components along a “smooth” curve. This should be done in such a way that the rms
deviations of components from this curve do not exceed 150 um and that the resulting
circumference is within 5 mm of its design value. Overall tolerances for the alignment of
the various ring components are summarized in Table 5-28. As can be seen from this table,
the most important alignment criterion is the relative accuracy requirement. Consequently,
long-period systematic effects on the measurements and computations are unimportant.
This means that we need not be concerned about effects like geoid undulations, deflections
of the vertical, earth tides, site-wide water table changes, etc.

Modem computer-aided methods and procedures, which have been tested and proved at
SLC, HERA, and LEP, will be applied to perform the alignment. While great care and
attention to procedural detail will be required to achieve relative alignment tolerances of
150 pm, much more demanding alignment projects are either ongoing at SLAC or have
been successfully completed in the recent past. Magnet-to-magnet deviations obtained for
the SLC arcs were 100 um, despite the fact that, unlike the PEP-II rings (each of which
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vacuum pumping to maintain the required low pressure in the beam chamber. The
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on a water-cooled outer wall in the antechamber. At 17 m, the linear power density
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However, if the absorbing surface has an initial slope of 1:40 relative to the fan, and the
slope gradually steepens as the fan power density decreases, the radiation can be absorbed
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synchrotron radiation fans created by the low-energy beam passing through the IR. In
this case, the total power that escapes the IP area is only 5.8 kW—much reduced
compared with that from the high-energy beam. Furthermore, because of the lower beam
energy, the vertical spreading (which goes as 1/9) will be even greater than for the HEB.
Here too, the synchrotron radiation fans will be absorbed by a water-cooled dump (the
HPUD) starting at about 17 m upstream of the IP in the HER.

5.3 SURVEY AND ALIGNMENT

The primary goal of the survey and alignment activity for PEP-II is to align the lattice
components along a “smooth” curve. This should be done in such a way that the rms
deviations of components from this curve do not exceed 150 um and that the resulting
circumference is within 5 mm of its design value. Overall tolerances for the alignment of
the various ring components are summarized in Table 5-28. As can be seen from this table,
the most important alignment criterion is the relative accuracy requirement. Consequently,
long-period systematic effects on the measurements and computations are unimportant.
This means that we need not be concerned about effects like geoid undulations, deflections
of the vertical, earth tides, site-wide water table changes, etc.

Modem computer-aided methods and procedures, which have been tested and proved at
SLC, HERA, and LEP, will be applied to perform the alignment. While great care and
attention to procedural detail will be required to achieve relative alignment tolerances of
150 pm, much more demanding alignment projects are either ongoing at SLAC or have
been successfully completed in the recent past. Magnet-to-magnet deviations obtained for
the SLC arcs were 100 um, despite the fact that, unlike the PEP-II rings (each of which
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Table 5-28. PEP-II alignment tolerances.

Global tolerances

Horizontal and vertical positioning of quadrupoles (rms) [mm)] 1.5
Horizontal and vertical positioning of sextupoles (rms) [mm] 1.5
Horizontal and vertical positioning of dipoles (rms) [mm] 4
Roll angle of quadrupoles (rms) [mrad] 1
Roll angle of sextupoles (rms) [mrad] 1
Roll angle of dipoles (rms) [mrad] 0.3
Circumference [mm)] 5
Component-to-component tolerances
Sextupole-to-quadrupole within a2 module (rms) [mm] 0.10
Horizontal and vertical positioning of quadrupoles and sextupoles in
injection line [mm] 0.5

Smoothness tolerance
Quadrupole-sextupole pair to quadrupole-sextupole pair (rms) [mm] 0.15

lies in a single horizontal plane and exhibits no roll) the SLC beamlines transition
continuously through pitch and roll ranges of —4° to +6° and —-10° to +15°, respectively.
The Final Focus Test Beam (FFTB), now under construction at SLAC, has conventional
alignment tolerances of 30 um. This requirement is truly unprecedented and calls for new
techniques, including the application of both laser tracker and portable hydrostatic level
technology. PEP-II will benefit directly from the hardware, software, procedure, and
experience base gained on these SLAC projects.

The specific alignment tasks that are required include the following, each of which is
taken up in a subsequent section:

* Support the component fiducialization effort

» Align modules and girder components in the alignment laboratory
« Perform “blue-line” survey of anchor-bolt positions for supports
* Rough-align the supports

* Rough-align the components

* Final-align (smooth) the components

* Align the interaction region components

* Perform quality control surveys
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5.3.1 Preliminary Considerations

Before expanding on specific tasks, some fundamental alignment requirements must be
introduced.

5.3.1.1 Fiducialization. The virtual magnetic axis of each component must be
related to external fiducial features. Since the fiducialization error is budgeted as part of the
overall alignment error, it should be kept very small. Otherwise, it will dominate the
alignment error budget, thereby eliminating most of the allowable error margin for the
positioning of the fiducial relative to the traverse monuments. In general, the fiducialization
error should be kept below 50 um to ensure a successful alignment.

Because the LER is located above the HER, there is inadequate space to mount
alignment equipment on top of the HER magnets. As it is impractical to place permanent
alignment fiducials on the tops of magnets, we plan to incorporate reference grooves in the
magnet laminations that will allow alignment reference fixtures to be mounted on the aisle
side of the components.

PEP-II will use a very versatile fiducial system based on 1.5-in. spheres. Fixtures and
components will be built to accept special magnetic cups that can hold a variety of fiducials
housed in spheres. Cutaway spheres with a center “bull’s-eye” are used for triangulation
measurements, a retro-reflector mounted in a sphere is used for electronic distance and
laser-tracker observations, and simple spheres are ideal for optical-tooling measurements.
The sphere fiducials and cups are commercially available and have proved very effective at
CEBAF and on the SLAC FFTB project. Figure 5-76 shows a PEP quadrupole fixture that
has been upgraded with magnetic cups. One cup is occupied by a triangulation target, the
other by a retro-reflector.

5.3.1.2 Coordinate System. Before performing the survey and alignment
procedure, we must first define a coordinate system in which all measurements will be
reported. For a machine of this size, the fact that the local shape of the earth is not planar
but somewhat spherical must be taken into consideration. If the primary datum of the
coordinate system is defined such that it coincides with the center of the ring, then, at least
to a first approximation, the machine is built in a common tangential plane. This means that
the horizontal direction with respect to gravity is also “horizontal” in the layout coordinate
system, within the required accuracy. However, this horizontal plane is inclined with
respect to the common SLAC coordinate system. With this in mind, the PEP-II alignment
coordinate system (see Fig. 5-77) will have the following attributes:

* Right-handed system
 Primary datum at the center of the HER
* Y-axis parallel to gravity at datum point, positive up

e Z-axis perpendicular to Y, in the plane formed by the linac and gravity vector, with
the downstream direction of the linac defined as positive

 X-axis perpendicular both to Y and Z
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Fig. 5-76. (a) PEP quadrupole fixture upgraded with magnetic cups.
(b) Close-up showing “bull’s-eye” triangulation target and distance meter
retro-reflector.
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Fig. 5-77. Artist’s rendition of the PEP-II coordinate system.

‘A rotation matrix and translations will be defined to perform transformations between the
local PEP-II coordinate system, as defined above, and the global SLAC coordinate system.
The elements of this transformation can be found in Fig. 6-15.

5.3.1.3 Control Networks. Computer simulations show that the global tolerances
for lattice component positioning can be met without the supporting framework of a surface
network. Figure 5-78 shows error ellipses from a free-net simulation of an unsupported
turinel traverse over the existing PEP monuments. However, this assumes many weeks
access to the entire ring and linac east end to measure the complete tunnel-control traverse
and linac connection in one survey. A surface-net connection to the linac.could reduce
required linac access to a few shifts and provide great scheduling flexibility. Furthermore,
the tunnel network could then be measured in pieces, from one surface connection point to
another, without requiring global access. Since the survey shafts already exist and the
required Global Positioning System (GPS) receivers could be borrowed from the SSC, an
accurate surface net could be determined very economically.

To start the project, the existing 102 PEP horizontal-control monuments, spaced at
intervals of 22 m around the ring, will be resurveyed and used to control the layout and
installation of supports. Distances between monuments will be measured with a Kern
ME-5000 distance meter. Directions will be measured with digital electronic theodolites.
Interfaced laptop computers running SLAC data-collection software will control the
observation process. Observations are always made to at least two monuments ahead and
back to provide a highly redundant and overlapping data set. The software statistically tests
the data sets in the field to ensure distance and directional consistency to 0.1 mm and
1 arc-second, respectively. Data transfer, processing, reporting, and archiving are fully
automated and performed on the SLAC GEONET system, now the standard at DOE
physics labs.
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Fig. 5-78. Error ellipses from PEP tunnel traverse free-network simulation.

Before precise magnet positioning begins, the monument net will be made more
dense—to a spacing of 7.6 m, or two monuments per cell—and surveyed again. The
monuments will split the distance between neighboring HER and LER quadrupoles to
optimize magnet survey geometry for both rings. Figure 5-79 shows monument positions
and a typical triangulation observation plan. Floor monuments will be styled after the
three-dimensional “reference cups” used successfully at CEBAF and the ALS at LBL. The
cups will accept the same 1.5-in. spheres described in Section 5.3.1.1. Because
distances, directions, and offsets can be measured directly to the cup, the effort to center
tripods over monuments is greatly reduced and accuracy is enhanced. Furthermore, three-
dimensional mapping with theodolites is facilitated because each monument carries an
accurate elevation as well as horizontal position. The traverse configuration will be
modified to accommodate interaction-hall bridging and subsequent alignment of interaction
region components.

Most vertical control measurements will be performed using differential leveling
techniques with precise Wild N3 tilting levels and dual-scale Invar rods. However, the fact
that the PEP tunnel lies in a horizontal plane makes a liquid-leveling system practical. We
will therefore service and modify the existing PEP liquid-leveling system for use as a
master reference in the ring tunnel. Level wells will be installed on both sides of each IR
hall and at the center of each arc section. The tie to the linac and the SLAC-wide elevation
datum must be made using differential leveling.
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Fig. 5-79. Typical monument locations and triangulation observation plan.

5.3.2 Survey and Alignment Tasks

5.3.2.1 Girder and Module Alignment in the Laboratory. The quadrupole-
sextupole pairs in the HER will be aligned with each other in the laboratory and thereafter
treated as a module; that is, their relative alignment will not be adjusted in the tunnel. The
dipole-quadrupole-sextupole modules on each LER girder will also become a laboratory-
aligned unit whose relative alignment will not be adjusted in the field.
Figure 5-80 is a schematic of a module alignment bay configured for highly automated
operations using the SLAC Industrial Measurement System (SIMS). The SIMS software
can control the observing sequence, statistically test the data sets and the coordinates
determined therefrom, calculate required component moves, and generate a module survey
report. In the bay, three theodolites will be mounted on pillars whose three-dimensional
positions have been accurately determined. A module will be brought to the bay and placed
on supports exactly like those to be used in the tunnel. The theodolites will be used to
quickly triangulate three-dimensional positions of raft and component fiducials in an
arbitrary “bay coordinate” system. The bay system will then be transformed to a system
defined by the raft fiducials so that all positions and adjustments can be reported in that
system.

5.3.2.2 Blue-Line Survey. In preparation for the installation of the support
systems, a “blue-line” survey will be performed to lay out the anchor-bolt positions. A file
of layout coordinates will be computed from the lattice and the support design information.
An electronic-theodolite—distance-meter combination, known as a “total station,” interfaced
with a laptop computer, will be used to conduct the work. After setting up the total station
on top of one monument and sighting another, the computer will generate the distance and
angle to the desired layout point and transmit them to the total station display screen. The
instrument operator directs an assistant holding a retro-reflector to the proper line while the
screen displays the difference between the distance to the reflector and the desired point.
An accuracy of 5 mm, which is more than sufficient, can be easily achieved. All points

thus laid out will be checked from a second monument and the results stored in an output
file.
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Fig. 5-80. Mbardon module alignment by triangulation.

5.3.2.3 Rough Alignment of Supports. After the blue-line survey, the anchors
and support systems will be installed, but with the anchor bolt nuts only hand tight. All
baseplates, C-frames, and other supports will be keyed and designed to “stack up”
accurately with laboratory aligned modules. Rough alignment fiducial fixturing will key to
the supports in the same way as the modules. Again, files of layout and monument
coordinates will be carried on a laptop computer that controls the alignment procedure.
Using a total station set up over a monument and inclinometers as control instruments, the
supports will be tapped into position to an accuracy of a few millimeters. This is especially
important for the C-frame supports, where a small roll displacement would have a large
correlated horizontal (x) effect for the LER components. If not controlled, this type of
support misalignment could easily exceed the adjustment mechanism range of individual
components. ) '

A secondary round of support alignment will also be performed on the C-frames. The
bottom of a C-frame will support an HER dipole, while its top will support a raft in the
LER. Elevations of the four HER dipole supports will be carefully adjusted to their ideal
values so that the important dipole roll parameter is nearly perfect upon magnet installation.
The horizontal positions of the dipole supports will be adjusted as well, to the 1-mm level,
so that no horizontal magnet adjustments are required later. To preset the LER raft struts, a
lightweight mock raft (with attachments and fiducials exactly like a real raft), will be
mounted, surveyed, and adjusted into nominal position at each location. Raft sag induced
by magnet weight will be determined and a correction applied to the raft layout coordinates.

5.3.2.4 Rough Alignment of Components. After the magnets are installed, they
will be positioned relative to the traverse monuments to an accuracy of about 0.3 mm. This
will be done with a two-step procedure:
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(1) Bring the magnets to their ideal elevations and set their pitch and roll values to
zero, using differential-leveling techniques

(2) Map the horizontal positions of quadrupole-sextupole pairs relative to the traverse
points, using triangulation methods

The mapped positions will be compared with their ideal values to determine the required
mechanical adjustments. The subsequent application of adjustments will be controlled
using digital indicators. Experience with this alignment scenario indicates that two
iterations should yield the desired accuracy. HER dipoles will be measured during the first
iteration to confirm that the “stack-up” of supports and magnets went as anticipated. It is
likely that a few will need adjustment. For the injection lines in the linac housing,
traditional optical-tooling techniques will be used. The linac tooling reference holes will
provide the necessary tunnel control after they have been mapped using the linac Fresnel
lens alignment system.

Alignment of the matching sections, the barrel, and the detector will lend itself to the
standard rough-alignment technique. Fiducials on the outermost magnets of the barrel will
be visible from the aisle. These fiducials will be used to align the barrel.

5.3.2.5 Smoothing of Quadrupoles and Sextupoles. The global positioning
accuracy obtained in the absolute positioning step is the quadratic sum of many random
errors (surface network, penetration transfers, tunnel net, magnet fiducialization, etc.), plus
the linear sum of any residual systematic errors (instrument calibration, centering,
horizontal and vertical refraction, etc.). The typical absolute positioning error envelope
(see Fig. 5-81) is cigar shaped; it is smallest at primary control points and reaches a
maximum midway between primaries. The measured reference line oscillates somewhere
within this error envelope. Its absolute position cannot be pinned down any more precisely
than the size of the error envelope, and deviations within this envelope are statistically
insignificant. However, within this absolute error envelope, the relative errors between
adjacent magnets are much smaller. The major error sources tend to affect equally the
positioning of adjacent components, with the result that relative alignment accuracies are
much higher than absolute alignment accuracies. - '

— —— -
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Fig. 5-81. Error envelope for absolute positioning. Points A and B denote primary
control points.
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Typically, some set of tunnel monument coordinates will be accepted as “errorless” for

the purpose of absolute positioning. This effectively shrinks the absolute error envelope by

ignoring some global factors, but the error envelope retains the same characteristics and
shape. Logic and experience indicate that successive magnet surveys will define a
reference line that wanders randomly within the absolute envelope. This implies that the
absolute comparison of independent surveys is not meaningful when trying to evaluate
differences smaller than the random wander. If attempts are made to achieve the final
relative tolerances using an absolute alignment approach, successive rounds of survey and
alignment will not converge. The magnitudes of the measured misalignments will not
diminish. To overcome this problem, techniques known as “smoothing” have been

developed. Smoothing separates the relative magnet displacements from the absolute trend

curve.

The SLC arc magnet alignment task presented a compelling reason to devise a
smoothing algorithm at SLAC, an algorithm now applied generally to other alignment
projects. The complications of an irregularly shaped and complex beamline were
eliminated by subtracting out the actual size and shape of the beamline, leaving a series of
residual displacements (see Fig. 5-82), that is, the ideal fiducial coordinates are subtracted
from the surveyed values. The correlation between horizontal and vertical error
components remains, however. Therefore, a spatial fitting routine, principal curve
analysis, was chosen to simultaneously pass a curve through the horizontal and vertical
residual misalignments mapped out along the local Z axis (beam direction). This curve (see
Fig. 5-83) passes through the middle of the data set such that the sum of the squared errors
in all variables is minimized. The curve is nonparametric, with its shape suggested by the
data. The processing is iterative, so the curve more and more closely fits the data set on
each successive iteration. A smoothness criterion is applied to stop the process when the
curve becomes too irregular.

- The observation plan best suited for this method is a three-dimensional traverse
measured directly over the components to be smoothed. Since this is impossible due to the
vertical arrangement of the rings, observations will be carried out from the traverse
stations.

0 100 200 300
Magnet number

Fig. 5-82. Residual absolute positioning displacements rotated perpendicular to
beamline, Ax = Xgcpyal ~ Xideal - '
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Fig. 5-83. Trend curve fitted to residual displacements.

From the aisle-side traverse stations, horizontal direction sets will be measured to the
four nearest quadrupole-sextupole pairs. To strengthen the network, distances will be
measured from station to station. Elevation differences from magnet to magnet will be
measured via differential leveling. One important difference from the absolute positioning
step described earlier is that the traverse stations will only be treated as tie points. This
means that their “known” coordinate values will not be introduced into the least-squares
adjustment, but rather treated as unknowns. Repeated test smoothings carried out in the
SLC arcs and FFTB beamline have shown that 150-um smoothness can be obtained in one
iteration; a second iteration will improve this to better than 100 um. (Note that this refers
to the rms value of the residual magnet fiducial displacements relative to a smooth curve,
without including any fiducialization error.) The matching sections and the detector barrel
will be included in the smoothing procedure, as will the NIT and SIT parts of the injection
lines. The alignment tolerances of the injection bypass lines (the injection transport lines in
the linac tunnel) do not warrant smoothing.

5.3.2.6 Quality Control. After completing the final smoothing step, the positions of
all components will be mapped one more time to confirm that the alignment tolerances have
been met. These data will be recorded in the database for use in machine commissioning
studies.

5.4 POWER SUPPLIES

In this section, we describe the power supplies required for PEP-II. For both the HER
and the LER, many of the supplies are very similar in function. These are described
together in Section 5.4.1. In the common IR of the two rings, there are a number of
special magnets that serve to focus and to separate the two beams. Power systems for
these magnets are discussed in Section 5.4.2. Finally, in Section 5.4.3, we discuss the
power supplies required for the injection system. The power supplies have been sized for
eventual operation at 12 GeV for the HER and 4 GeV for the LER. Magnet
standardization will require briefly ramping the magnets to field levels corresponding to
13 GeV and 4.5 GeV for the HER and LER, respectively. Note that all magnet operating
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Fig. 5-83. Trend curve fitted to residual displacements.
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four nearest quadrupole-sextupole pairs. To strengthen the network, distances will be
measured from station to station. Elevation differences from magnet to magnet will be
measured via differential leveling. One important difference from the absolute positioning
step described earlier is that the traverse stations will only be treated as tie points. This
means that their “known” coordinate values will not be introduced into the least-squares
adjustment, but rather treated as unknowns. Repeated test smoothings carried out in the
SLC arcs and FFTB beamline have shown that 150-um smoothness can be obtained in one
iteration; a second iteration will improve this to better than 100 um. (Note that this refers
to the rms value of the residual magnet fiducial displacements relative to a smooth curve,
without including any fiducialization error.) The matching sections and the detector barrel
will be included in the smoothing procedure, as will the NIT and SIT parts of the injection
lines. The alignment tolerances of the injection bypass lines (the injection transport lines in
the linac tunnel) do not warrant smoothing.

5.3.2.6 Quality Control. After completing the final smoothing step, the positions of
all components will be mapped one more time to confirm that the alignment tolerances have
been met. These data will be recorded in the database for use in machine commissioning
studies.

5.4 POWER SUPPLIES

In this section, we describe the power supplies required for PEP-II. For both the HER
and the LER, many of the supplies are very similar in function. These are described
together in Section 5.4.1. In the common IR of the two rings, there are a number of
special magnets that serve to focus and to separate the two beams. Power systems for
these magnets are discussed in Section 5.4.2. Finally, in Section 5.4.3, we discuss the
power supplies required for the injection system. The power supplies have been sized for
eventual operation at 12 GeV for the HER and 4 GeV for the LER. Magnet
standardization will require briefly ramping the magnets to field levels corresponding to
13 GeV and 4.5 GeV for the HER and LER, respectively. Note that all magnet operating
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currents and voltages shown in the tables in this section are listed at the nominal
operating levels of 9 GeV for the HER and 3.1 GeV for the LER. Power supply ratings
shown in the tables include an allowance for cable voltage drop.

5.4.1 HER and LER Power Supplies

The storage ring power supply systems are divided into a number of independent supply
strings and individual power supplies, as listed in Table 5-29 for the HER and Table 5-30
for the LER. Because the strings for the two rings are identical in most respects, save
only their detailed electrical characteristics, they are described together in the following
paragraphs.

5.4.1.1 Bending Magnet Strings. The HER utilizes a single bending magnet string of
192 dipoles, plus 16 low-field bending magnets in the IR, connected in series (see Fig. 5-
84) by existing water-cooled aluminum cables. The LER requires a similar string but, in
this case, only 192 dipoles are on the main bus. The magnet connections consist of a
supply cable and a return cable, with the turnarounds at IR-2 and the supplies at IR-8 (see
Fig. 5-84). Supply and return cables are arranged to cancel the residual field resulting
from the high cable currents. Supply and return cable connections alternate every half
sector to minimize the voltage to ground and to cancel current differences in the bending
magnets that would otherwise develop as a result of current leakage to ground through
cooling hoses or stray capacitance. The HER bending magnets require a nominal
operating current of 640 A, regulated to 0.01%; they are powered by two 500-V power
supplies connected in series and located at IR-8. For the LER, the nominal operating
current is 606 A, regulated to 0.01%; the main bending magnet string is powered by four
500-V power supplies, also connected in series and located at IR-8. All these supplies
will be refurbished PEP chopper-type supplies, upgraded with new power hardware and
controls.

5.4.1.2 Quadrupole Magnet Strings. The quadrupole magnets of both rings fall into
three main functional groups: arc quadrupoles, dispersion-suppressor quadrupoles, and
straight-section quadrupoles. The straight-section quadrupoles further subdivide into
quadrupoles for “normal” straights, injection straights, phase trombone (or tune) straights,
wiggler straights, and the collision straight.

Arc Quadrupoles. The two HER arc quadrupole strings (Fig. 5-85a) comprise 60 QF
and 54 QD magnets. The LER (Fig. 5-85b) has 74 QF and 80 QD magnets connected in
two magnet strings. The main quadrupole buses for the two strings in each ring will use
existing aluminum cables. The two cables will be powered with current flowing in
opposite directions to provide cancellation of stray magnetic fields. The main arc
quadrupoles for both rings require an operational current of about 130 A, regulated to
0.01%, at a maximum of 500 V. These supplies will be refurbished PEP choppers,
operating from the same DC power supply as the bending magnet supplies.
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Table 5-29. HER power supplies. Currents tabulated for 9-GeV operation.

Current  Voltage
Number per per String  Number Power
of ‘magnet magnet voltage of supply
Magnet string name magnets (A) ) ) supplies rating?
HER Bends 192 640 3.6 691.2 2 . 500V/950A
IR-2 soft bends 16 640 04 In bend string
Normal quadrupoles QF 60 96 9.6 576.0 2b 500V/200A
Normal quadrupoles QD 54 128 105 ~ 5672 2b 500V/200A
Straight quadrupoles QFO 16 154 11.1 90.0 2 200V/200A
Straight quadrupoles QDO 14 154 11.1 771 2 200V/200A
Injection quadrupoles QDOI 2 52 6.6 132 1 30V/200A
Injection quadrupoles QFOI 2 71 9.1 18.2 1 30V/200A
Injection quadrupoles QFI 2 33 43 8.6 1 30V/200A
Injection quadrupoles QDI 2 34 43 8.6 1 30V/200A
Suppressor quadrupoles QDS0 8 98 9.8 39.0 2 500V/200A
Suppressor quadrupoles QDS1 8 164 119 47.6 2 500V/200A
Suppressor quadrupoles QFS1 8 140 11.6 46.4 2 500V/200A
Suppressor quadrupoles QDS2 8 134 111 444 2 500V/200A
Suppressor quadrupoles QFS2 8 184 133 532 2 500V/200A
Suppressor quadrupoles QDS3 8 128 10.5 420 2 500V/200A
Suppressor quadrupoles QFS3 8 107 10.8 432 2 500V/200A
Suppressor quadrupoles QDS0O 4 150 10.8 10.8 4 30V/200A
Suppressor quadrupoles QDS1 4 171 123 12.3 4 40V/300A
Suppressor quadrupoles QFS1 4 171 14.1 14.1 4 30V/200A
Suppressor quadrupoles QDS2 4 153 11.0 11.0 4 30V/200A
Suppressor quadrupoles QFS2 4 205 14.8 14.8 4 40V/300A
Suppressor quadrupoles QDS3 4 128 10.5 10.5 4 30V/200A
Suppressor quadrupole