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THE PHYSICS AND A PLAN FOR A 45 GeV FACILITY
THAT EXTENDS THE HIGH-VrtfTENSITY CAPABILITY

IN NUCLEAR AND PARTICLE PHYSICS

ABSTRACT

A proposed program of physics research to be carried
out at a 45 GeV high-intensity proton accelerator is
discussed. In addition to a general discussion of the
potentially most productive research directions, specific
experiments in strong and flavor physics are presented.
The proposed strong interaction physics deals with
investigation of nonperturbative QCD through the study of
exotic hadrons and measurement of nuclear medium effects on
flavor-specific quark momentum distributions. The major
part of the proposed program in flavor interaction physics
probes possible physics beyond the minimal standard model.

A design using two synchrotrons produces a 45 GeV
proton beam by increasing the energy of the present LAMPF
800 MeV beam. A booster operating at 60 Hz accelerates
144 uA from 800 MeV to 6 GeV while the main ring operating
at 3.33 Hz accelerates 32 uA from 6 GeV to 45 GeV. The 112
uA at 6 GeV which is not further accelerated is used to
create intense beams of neutrinos and pulsed muons. The
32 uA of 45 GeV beam is slow extracted into an existing
experimental area in which a large number of
high-intensity, high-purity kaon and other secondary beams
will be produced. A proposed layout of the experimental
areas along with the characteristics of the secondary beams
is also presented. The report concludes with a cost
estimate to construct such a facility at Los Alamos.



CHAPTER 1. INTRODUCTION AND SUMMARY

1. THE MINIMAL STANDARD MODEL

2. STRONG INTERACTION PHYSICS

3. ELECTROWEAK-INTERACTION STUDIES OF THE STANDARD MODEL AND ITS EXTENSIONS

4. THE LAMPF II ACCELERATORS

5. LAMPF II EXPERIMENTAL AREAS

6. PROJECT SCHEDULE AND COSTS

7. UNIQUE RESOURCES OF LOS ALAMOS NATIONAL LABORATORY AND THE USER COMMUNITY



1, INTRODUCTION AND SUMMARY 1.-2 April 1986

CHAPTER 1. INTRODUCTION AND SUMMARY

In this update we provide a clearer view of
the physics prospects and specific experiments that
will characterize the research activity at a facil-
ity like LAMPF II. Developments in accelerator and
experimental area designs are also discussed.

One of the premiere intellectual developments of this century is the evolu-
tion of a comprehensive theoretical framework which describes the strong, elec-
tromagnetic and weak interactions. The theory combines the unified electroweak
gauge theory with a candidate field theory of the strong interactions, quantum
chromodynamics, and is known as the minimal standard model. It is less than a
decade old.

This description of the physical world provides a single point of departure
for the discussion of frontier research in particle and nuclear physics. Parti-
cle physics is now principally concerned with probing the limits of this model
with the aim of extending its basic structure. Nuclear physics is increasingly
concerned with examining the consequences of quantum chromodynamics to obtain a
new, more general and extensive characterization of hadronic matter. In addi-
tion, the study of nuclei embedded in the framework of the minimal standard
model provides a laboratory for key tests of the model, in studies of quark con-
finement, in non-perturbative treatments of the color force, and in sensitive
studies of electroweak processes which may reveal subtle harbingers of higher
mass scales and new processes.

To carry out these studies, new tools are required. High-energy physicists
have identified an extensive new initiative to directly probe high mass scales.
New tools are required, as veil, to further this advance in nuclear physics.

We propose to construct, operate, and use LAMPF II, a high-intensity,
high-energy synchrotron addition to the Clinton P. Anderson Meson Physics Facil-
ity at the Los Alamos National Laboratory. This new facility will

• provide the nation's principal capability to address the frontiers of
nuclear physics with an unmatched array of light hadronic probes;

• probe physical regimes beyond the present standard model of the
strong and electroweak interactions;

• provide unique opportunities to directly address the quark/gluon
frontier; and

• provide key facilities for basic research and education to a genera-
tion of scientists in the 1990's and well into the next century.

LAMPF II will consist of

• a 6-GeV, 144-uA booster accelerator and

• a 45-GeV, 32-yA, 3.33-Hz main synchrotron, with a 50°4 duty factor.

The injector accelerator will be the existing 800-MeV, 1-mA LAMPF linac. With
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its relatively high energy and compact emittance, the LAMPF linac is superior to
any existing injector. (Figure 1-1 on the following page shows how the new fa-
cility will be integrated into our existing site.)

A broad array of beams will serve research programs using kaons, pions,
protons, antiprotons, muons, and neutrinos. These beams will provide the capa-
bility to probe the underlying behavior of quarks and gluons in nuclear matter.
As has been resoundingly stated in the 1933 NSAC Long-Range Plan and in other
reviews of nuclear physics, this is the essential frontier of nuclear science
today. It is the extension of the historical development of nuclear physics.
The earliest description of nuclei used only bound nucleons. This treatment
evolved to include explicit meson properties. LAMPF has been a key tool in this
endeavor. Nuclear science is embracing a third and even more fundamental con-
stituent picture, emphasizing quarks and gluons.

To be sure, all three of these perspectives are required to contribute to
the principal endeavor of nuclear physics, a comprehensive understanding of the
nucleus and its response to external probes. Indeed, even to attack only the
newest frontier requires a complementary set of probes, consisting of
high-energy electrons, relativistic heavy ions, and high-energy light hadrons.

Electrons are the best projectiles for the study of the response of the
charged constituents of nuclei, described by their electromagnetic currents. In
the newest picture, the charged constituents are the quarks which have charges
of -1/3 and +2/3 of an electron charge. Electrons interact with nuclear matter
only through the electromagnetic coupling to these quarks. Thus, a very impor-
tant class of processes is accessible with electrons, those processes excited by
a charged, nonhadronic probe.

Nuclei, however, consist of both quarks and gluons. Typically, the quarks
carry only about half of the momentum content of nuclear matter. The gluons,
which bind the quarks through the color force, carry the remainder. Gluons are
not electrically charged. Thus, electron probes are unable to directly
stimulate a significant class of nuclear responses. High-energy collisions of
heavy nuclei, produced by relativistic heavy ion accelerators, can create the
high-density and high-temperature conditions in nuclear matter in which the
many-body aspects of quark and gluon behavior can be studied. Heavy ions pro-
vide tools to test the gross behavior of this hadronic matter under extraordi-
nary conditions.

We propose to provide nuclear physics with a third and complementary tool,
light hadrons. The principal advantage of light hadronic probes is selectivity.
Like electrons, these probes are charged and can participate in electromagnetic
processes. Like heavy ions, these probes access both the quarks and gluons. By
selecting the appropriate hadron beam, choosing from a menu of kaons, antipro-
tons, pions, and protons, the experimenter can choose the quark content of the
beam and thereby select the degree of freedom to be investigated. The study of
hadronic structure, in nuclei, and the elucidation of the quark and gluon
response to the nuclear medium will highlight these studies. Opportunities for
frontier research with nuclei using a light hadron facility like LAMPF II will
be unmatched in versatility and the breadth of capabilities offered.

While some of the selected scientific programs we have identified may be
addressed at existing facilities, there is no prospect at an existing facility
to advance this forefront of nuclear physics in a concerted and timely manner.



1. INTRODUCTION AND SUMMARY 1.-4 April 1986

Isolated programs at high-energy physics accelerators and scattered efforts at
other laboratories fall short by a factor of ten in the rate at which this re-
search may be advanced. The vitality of nuclear physics in the next generation
will depend strongly on a facility with the range of capabilities promised by
the LAMPF II project. A sustained renaissance in nuclear physics will only
occur with a facility like LAMPF II.

LAMPF II will provide the principal opportunity for the next generation of
profound tests of forefront questions in particle physics. The very high energy
facilities now being exploited or planned by the high-energy physics community
directly access particular higher mass scales that could provide answers to key
questions about the family structure of fundamental particles and the possibili-
ty of constructing a more unified treatment of the forces of nature. Some or
all of the answers sought may lie outside the mass ranges opened by these
accelerators. The history of nuclear and subnuolear physics has taught us that
sensitive experiments at relatively low energies can often uncover the critical
clues of high-energy phenomena. Indeed, beyond the generation of high-energy
accelerators now being planned, the direct study of even higher mass scales will
likely be economically and technically infeasible. LAMPF II will provide the
scientific stage on which studies of these mass scales by virtual processes may
be advanced. This may be a crucial juncture in the future of high-energy phys-
ics.

Striking examples exist in which current limits on the rates of many rare
decays of muons, pions, and kaons, in which lepton family number is not con-
served, now provide experimental data on mass scales unreachable with
high-energy facilities. The current limit on one rare kaon decay can be used to
bound the mass of the boson which would mediate family-changing interactions
above 105 GeV. This mass is already an order of magnitude higher than the mass
scale to be probed by the Superconducting Super Collider! The weak bosons,
which carry known parity-violating weak currents, were directly observed in 1983
by a high-energy experiment, with masses in the 80- to 100-GeV range. The cor-
responding bosons which may serve to restore parity symmetry at very high unifi-
cation energies must be far more massive to account for the maximal violation of
parity symmetry seen at low energies. The current lower limit on the
right-handed W boson is 380 GeV, set not by a direct search at a high-energy
laboratory, but by precise studies of ordinary muon decay at a high-intensity
low-energy muon beam!

The LAMPF II booster and main ring accelerators are of relatively simple
design, incorporating a number of technological innovations. The high energy of
the main ring beam, 45 GeV, will be unique in affording the flexibility required
to address quark and gluon degrees of freedom in nuclei. These accelerators
will be the foundation for a new generation of research.

The experimental facilities include two new areas, providing high-energy
hadron beams and neutrinos. The existing LAMPF meson area will be upgraded,
providing facilities for medium-energy hadron beams. The design of this area
includes a major new advance in beamline design which significantly lowers the
cost of the experimental facilities.

Costs for construction of the LAMPF II accelerators and experimental
facilities are detailed in Chapter 7. With construction commencing in FY 88,
neutrino beams will be available for initial use in FY 92, and the full facility
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will be operational in FY 95, providing an unprecedented combination of
high-purity, high-intensity hadron beams.

LAMPF II will provide the physics community with a diverse spectrum of ca-
pabilities to probe fundamental questions in strong interaction physics and in
electroweak physics. In this summary, we survey the principal physics topics to
be addressed by LAMPF II, the conceptual design of the accelerator and experi-
mental facilities, the project costs and schedule, and the unique resources
which Los Alamos National Laboratory will bring to bear on this project.

1. THE MINIMAL STANDARD MODEL

During the last decade, a description of the particles and forces which
govern the subnuclear world has emerged. The standard model of strong and
electroweak interactions appears to describe all known phenomena and, while its
structure appears ungainly and arbitrary to some, it requires a relatively small
group of elementary particles and interactions to achieve its current descrip-
tive power.

In an intellectual synthesis unprecedented in this century, the weak and
electromagnetic forces have been united in a single, comprehensive theory of
electroweak interactions. The strong force, as well, is treated by a powerful
candidate field theory, analogous in many ways to the enormously successful
quantum electrodynamics (QED). This theory, quantum chromodynamics (QCD), has
some astounding differences, however, which appear to account for the surprising
way in which bound quarks can respond to high-energy scattering experiments as
free entities, and yet resist all experimental means to break individual quarks
free from their confinement to hadrons.

The combination of the-electroweak theory and QCD, employing only minimal
assumptions required to conform with empirical fact, constitutes the minimal
standard model. Developed from the thrust of high-energy physics, this theory
appears to provide powerful motivation for future developments in nuclear phys-
ics.

2. STRONG INTERACTION PHYSICS

The two main questions to be addressed in the next decades are

• the understanding of the relevant degrees of freedom required to
explain the nucleus, and

• the nature of quark confinement.

LAMPF II will provide physicists with the principal tools required to ad-
dress these questions. These tools will include intense kaon beams which pro-
vide a real source of strange quarks useful in probing the nucleus, and beams
capable of depositing high energy and high momentum in nuclei, creating extreme
conditions. However, the most significant capability will come from the wide
gamut of traditional hadron probes (pions, protons, kaons, etc.). These will be
used for scattering experiments to sample the variety of length and time scales
which characterize trie hadronic response of nuclear matter, especially the
premier regime described by non-perturbative QCD.
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The nature of quark confinement and the quark-gluon degrees of freedom in
nuclear physics will be attacked in several crucial research programs at
LAMPF II. Recent striking evidence for quark degrees of freedom in nuclei has
emerged in the deep inelastic scattering experiments of the CERN European Muon
Collaboration (EMC). These experiments have shown that quark distributions in
nucleons do indeed depend upon the nucleus in which they are measured, demon-
strating in a convincing way that the nuclear environment influences quarks.
LAMPF II can be used to explore this exciting insight with a complementary study
using of the Drell-Yan process. In this process, a quark (or antiquark) from a
beam hadron annihilates with an antiquark (or quark) from the target, leading to
the production of a virtual photon which subsequently decays into a pair of
leptons. It has recently been shown that a high-precision study of the
Drell-Yan process performed in a manner similar to the EMC experiment (measuring
the anomalous dependence of this process on the atomic number) could lead to a
definitive choice among competing models of the EMC effect. The key to this
sensitivity is the complementary way in which the sea and valence quark distri-
butions of the target enter in the cross sections for deep inelastic lepton
scattering and the Drell-Yan process. Proton beam energies near the LAMPF II
energy of 45 GeV are excellent for these studies. In fact, the energy depend-
ence of the appropriate range of the dilepton cross section favor this energy
rather than much higher energies.

Dilepton production using LAMPF II K+ and K~ beams (su and su) can uncover
the poorly understood virtual sea quark distributions in nuclei. The K+ probes
the sea primarily, while the K~ probes both the valence and sea quarks. The in-
tensity of LAMPF II beams will facilitate the precision comparative studies
needed to do these experiments.

In the most general sense, LAMPF II will open up a broad program of preci-
sion nuclear studies using Drell-Yan dilepton production. Studies emphasizing
the most primitive aspects of dilepton production have been carried out for 15
years, within the field of high-energy physics, largely to investigate the
high-energy behavior of QCD. These experiments have measured nucleon and pion
quark structure functions, demonstrated the basic dynamics of quark-antiquark
annihilation through a photon intermediate state to produce the dilepton, mea-
sured quark charge ratios and provided early manifestations of the role played
by gluons. In all these studies, the role of the nuclear medium has been mini-
mal. This relatively mature experimental field is sufficiently developed now
that consideration of current detector performance combined with LAMPF II beams
already shows that these experiments will be sensitive to the extent to which
the environment within different nuclei alters the confinement of the quarks.
The range of available nuclei, kinematic regions, and beam types effectively
guarantees that the nature of color confinement in the nuclear medium will be
confronted in an unmatched program.

Direct study of non-perturbative QCD will be possible at LAMPF II through
studies of hadron spectra including multiquark, quark-gluon, and bound gluon
states.

The existence of these bound gluon states, called gluonium, which are
hadrons constituted without quarks, is one of the basic predictions of QCD and
the search for such objects will be the subject of a new forefront hadron
spectroscopy at LAMPF II. These quarkless mesons consist of real, valence glue,
carrying the bulk of the object's momentum. They arise from direct application
of asymptotic freedom and the requirements of color confinement, and represent a
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most basic prediction of QCD. Many searches for these objects have been carried
out, spanning a decade of work, with no uefinitive observation. Nevertheless,
the existence of these "glueballs" is a major untested prediction of QCD.
Searches for six quark S = -1 and S = -2 dibaryons address other core
predictions of QCD, which will be the focus of experiments using LAMPF II kaon
and hyperon beams. Only with the dedicated facilities to be provided at
LAMPF II will a comprehensive study of this subject, fraught with small
cross-sections and large backgrounds, advance in a meaningful and timely manner.
The novel nature of these exotic forms of matter makes it an essential part of
the advancement of hadronic physics.

Hypernuclear physics studies the nucleus using a new dimension. LAMPF II
will permit a major advance beyond conventional nuclear studies, limited to
neutrons and protons, or, alternately, up and down quarks. It will become pos-
sible to carry out sensitive studies of nuclei in which one or more nucleons is
replaced by a hyperon (a strange nucleon), or, in the more modern constituent
description, in which one or more strange quarks are embedded among the up and
down quarks in the nucleus. LAMPF II kaon beams can be viewed as strange quark
beams. The new nucleon created in such studies differs from naturally occurring
nucleons and thus populates a new realm of nuclear states and produces excita-
tions with distinct signatures. A new world of nuclear matter can be created
and tested against meson, nucleon and quark descriptions.

LAMPF II K+ beams will provide a strikingly different projectile. Unlike
the strong annihilation of the antiquarks in an antiproton entering a nucleus,
the strange antiquark in the K+ encounters no real (valence) strange quark in
nuclear matter and thus annihilation does not take place. It remains stable and
active, therefore, to probe the entire nuclear volume, and its comparatively
weak scattering can be treated with precision. Even more tantalizing are the
recent results which indicate that low-energy K+-nucleon scattering is well de-
scribed by nucleon quark distributions. This unprecedented example of how a
low-energy interaction tests modern constituent models implies that the K+ can
reveal the quark densities in a nucleus, not just a nucleon, directly. The
duality of quarks in nucleons and quarks in nuclei can, thus, be confronted with
the high purity, high flux K+ beams to be produced at LAMPF II.

The response of nuclear matter at extreme temperature and density has been
identified in many forums as a particularly attractive way to address quark
physics. Under some combinations of these conditions, a startling transition of
nuclear matter to a plasma of quarks and gluons is predicted. The identity of
individual nucleons vanishes. Relativistic collisions between heavy ions have
been identified as a promising way to search for this postulated plasma. Anti-
proton annihilations in nuclei are a complementary way to achieve extreme condi-
tions in nuclei. The release of annihilation pions energetically heats a small
volume of nuclear matter. This heat spreads to the rest of the nucleus, cooling
the original hot region. A region that is large enough and still hot enough to
see the plasma effect is expected to appear at energies above those studied to
date, that is for antiproton momenta above 2 GeV/c.

3. ELECTROWEAK-INTERACTION STUDIES OF THE STANDARD MODEL AND ITS EXTENSIONS

The study of electroweak interactions, an important frontier of particle
physics, will be the second major arena for LAMPF II research. The problems
traditionally probed by low and medium energy particle physics, long pursued in
parallel to the activities at high-energy laboratories, will expand greatly.
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The Superconducting Super Collider, the Tevatron and SPS, and the SLC, LEP, and
HERA will pursue higher mass scales in the hierarchy of particles. LAMPF II
will be the stage for a vigorous pursuit of the low-energy manifestations of
these higher mass scales, and for significant tests of the dynamics of the stan-
dard model, a vital complementary thrust forward.

The principal advance of the last generation of particle physics is the
unification of the electromagnetic and weak forces in a single theory. Compara-
ble to the landmark derivation of Maxwell's equations in the late nineteenth
century, in which the electric and magnetic fields were united, the electroweak
theory is consistent with all known physical observations, especially the
long-awaited observation in 1983 of the quanta of the weak interaction, the W
and Z bosons, which together with the photon, mediate the entire known range of
electroweak processes.

Just as the classical synthesis of Maxwell broke down only a generation
later in the face of radioactive decay and other new phenomena, we can expect to
find that today's theories require extension. LAMPF II will test the limits of
the electroweak theory in crucial ways.

Physicists have move J pidly to attempt the combination of the candidate
gauge theory of the strong interaction, QCD, with the electroweak theory. This
theory, constructed with minimal assumptions (no assumption about nature not
required by experimental evidence), is the minimal standard model. In the stan-
dard model all of nature's mesons and baryons, and their strong, weak, and elec-
tromagnetic interactions, can be described by combinations of nature's building
blocks, the fundamental fermions, bound by nature's glue, the mediating color
gauge bosons. These are the bosons that carry the strong interaction, the
gluons, and the W, Z and the photon, which carry the weak and electromagnetic
interactions. Outstanding questions confront us. We do not understand why
there are three gauge groups (at least) of these bosons (arranged in
mathematical groups called SU(3)£, SU(2)y, and U(l)g and why these objects have
the particular masses they exhibit.

The fermion building blocks appear to fit into three known, and curiously
symmetric, families as well. Pairs of quarks (up and down, strange and charm,
top and bottom) and leptons (electron and electron neutrino, muon and muon
neutrino, tau and tau neutrino) can also be organized into three sets. Are
these groupings truly meaningful? Why are some transitions among these families
observed, and others never appear? Why do theso objects have their observed
masses and are the neutrinos truly massless?

Theories of grand unification postulate that all these separate groups col-
lapse together at some supreme energy. Attempts are being made to treat quarks
and leptons as interrelated. The question of a possible underlying relation be-
tween the bosons and fernrions has been raised. Are they fundamentally differ-
ent? Are these objects themselves constructed of more basic constituents? Can
nature's fourth force, gravity, be included in an even more grandiose synthesis?
At its most reductionist extreme, the goal of physics is a single, elegant, and
concise theory which explains, at least in principle, all of the physical phe-
nomena in the universe.

An assault on these questions is being made in the high-energy particle
physics community. High-energy accelerators may directly produce new higher
mass objects that may clarify the organization of the pantheon of elementary
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constituents. Higher energy research will likely clarify the transition region
in which some of the separation between families and forces is reduced and na-
ture's anticipated underlying symmetry is restored. Complete surprises will
almost certainly emerge.

A pursuit so compelling, the very cutting edge of physics, should not be
left solely to these new high-energy facilities. Even within their enormous
energy range, the key insights may be experimentally inaccessible. Experiments
at non-accelerator facilities and low- and medium-energy laboratories will be
invaluable, indeed essential, in uncovering the subtle signatures of higher
energy phenomena. Some studies will be unique to these laboratories.

The most immediate examples of the utility of LAMPF II in particle physics
are the study of decays that violate family conservation, CP-nonconservation,
and neutrino mass measurements. LAMPF II beams will provide fluxes of muons,
kaons, and pions ideal for extending searches for family-nonconserving decays of
these particles beyond present limits by many orders of magnitude.

The kaon beams at LAMPF II will be spectacular, providing flux two orders
of magnitude more intense than previously available, with great flexibility to
achieve purity and optical control. More kaons will be available for research
each day at LAMPF II than are available throughout the world each year. The
current limit on the decay KL -> ye is <2 x 10~

9. If the process K, -> ye were
mediated by a heavy family gauge boson, the current limit on this decay would
set a lower limit of 105 GeV on the mass of this boson. As we have pointed out
earlier, this mass is already an order of magnitude higher than the scale
directly accessed by the SSC. Experiments xie under way that hope to probe the
10~12 range in a 2000-h run, and these measurements can be extended at LAMPF II
to 10" and below. With such sensitivities, this limit (sensitive as the 1/4
power of the branching ratio reached) would be pushed to about 106 GeV. More
realistically, detectors and data acquisition systems for such experiments will
probably be developed after the first generation of LAMPF II experiments, in
which the raw flux available would be used instead to tailor beam phase space
and deliver truly pure kaon beams to researchers. LAMPF II will provide the
capability and flexibility for all of these possibilities.

LAMPF II neutrino beams will provide an unequaled opportunity to search for
the subtle oscillation of specific neutrino types into other neutrino types.
This oscillation is a likely occurrence if neutrinos have mass. The experiments
search for changes in the proportions of various neutrino types along the beam
direction. The high flux and continuous availability of the neutrino beams at
LAMPF II will be a major advantage over current neutrino beams, because the
neutrino oscillation signal will likely be observable only with many detected
events and the smallest possible backgrounds.

In addition to searching for entirely new physics phenomena which may force
extensions of the standard model, LAMPF II beams will be a prime source of pre-
cision tests of the standard model. One dare not assume that the standard model
is complete and accurate and so it must be confronted with ever more stringent
challenges.

The scattering of muon neutrinos on electrons is a clean, direct measure of
the leading parameter of the electroweak theory, the electroweak mixing angle
6V< LAMPF II will provide an opportunity for real precision in this area, with
the possibility of event samples with 104 scatterings observed. Current experi-
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ments are accumulating a few hundred events. High-energy accelerators will
refine our knowledge of the masses of the V and Z bosons, and 9W at high
energies. LAMPF II results will complement this work and permit the energy-de-
pendent radiative corrections in the standard model to be tested. This is the
only known quantitative test of the field-theoretical aspects of the electroweak
theory. It is comparable in significance to the study of g-2 in the early days
of quantum electrodynamics (QED).

CP nonconservation is one of our generation's greatest mysteries. It is
only accessible with precision in the kaon system (strange quark decays) for
heavier quark decays are far less copious at the world's accelerator facilities.
The riddle of CP nonconservation has withstood twenty years of research. The
possibilities at LAMPF II, with beams yielding more than 109 kaons per second,
may be the only way in which the origin of CP nonconservation may be unmasked.

The ultimate frontier of particle physics is the physics of the first
instant after the Big Bang. During that instant the mass scales and the
symmetries of nature took shape. LAMPF II will improve our knowledge of the
early universe by better understanding of nature's fundamental symmetries.

4. THE LAMPF II ACCELERATORS

The LAMPF II accelerators will serve as an extraordinary kaon factory. One
remarkable asset, the existing LAMPF linac, is superior to any existing or
proposed injector because it provides a high injector energy (800 MeV), compact
emittance and because this unique linac already exists. It provides a conven-
ient 120 macropulses per second, delivering both H+ and H~ particles.

We propose to inject every other LAMPF macropulse into the booster acceler-
ator, the others being reserved for the existing Proton Storage Ring. The
booster will accelerate the beam to an energy of 6.0 GeV. The 60 pulses per
second will orbit the 331-meter ring circumference.

Beam will be extracted in a single turn from the booster with four pulses
in sequence transported to the main ring. While the main ring accelerates these
pulses, the next 14 booster pulses will be sent to the neutrino target area
(Area N). In this sequence, all of the 144-uA booster beam is continuously used
to do physics research, with 14 of every 18 pulses available for neutrino phys-
ics.

The main ring, approximately 1333 meters in circumference, will provide 45
GeV protons, with an average current of 32 uA at 3.33 Hz, and a macroscopic duty
factor of 50%. The beam will have an operating mode with a microstructure of
pulses less than 2 ns long, and separated by 16 ns, ideal for timing measure-
ments in many experiments, and a fully debunched mode with a microscopic duty
factor of 100%. The beam from the main ring will be extracted slowly and
transported to an area providing beams of kaons, pions, and antiprotons.

The design of the LAMPF II accelerators has been guided principally by the
physics goals of the project, but substantial attention has been paid to
producing a cost-effective and reliable design. Though the design of the
accelerators is relatively conservative, requiring no techniques beyond the
state-of-the-art, an effort has been made to use the latest techniques available
and to make a number of innovations designed to lower costs and promote
reliability. Novel perpendicularly-biased ferrites in the rf accelerating
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cavities, an advantageous magnet power supply design, and careful attention to
the details of the magnet lattice have all contributed to lower power require-
ments, lower costs, and reduced operational complexity.

The principal design feature in the accelerators is the use of rapid
cycling to achieve high-average beam intensity while avoiding high intensity in
each pulse. Rapid-cycling synchrotrons have been built elsewhere and operated
successfully. We have, therefore, made appropriate use of an existing technolo-
gy.

The high main ring energy, 45 GeV, will make LAMPF II an exceptionally
powerful and versatile high-intensity facility. In addition to the obvious
utility of the energy in particle physics research, this energy will afford
maximum flexibility in carrying out the program of quark/gluon nuclear physics.
While beam power is the leading factor in particle production rates, our choice
of higher energy at constant beam power yields a marked advantage.

LAMPF II is the only kaon factory design proposal to date employing only
two accelerator rings. The simplicity of the LAMPF II design makes facility
upgrades in current or duty factor dependent only upon the addition of a
stretcher ring. The design also readily permits upgrades to increase the anergy
to 60 GeV and to accelerate polarized protons. Thus, the long-term utility of
LAMPF II is assured.

5. LAMPF II EXPERIMENTAL AREAS

LAMPF II will provide two powerful experimental areas:

• Area A will receive the main ring beam via slow extraction and will
be a substantial revision of the existing LAMP? meson area. It will
provide two primary beam targets and an array of low-energy secondary
beams and spectrometers. The design of Area A includes a major new
advance in beamline design, doubling the cost-effectiveness of the
target area.

« Area N will receive the booster beam via fast extraction, providing
facilities for neutrino.

The design of these facilities emphasizes

• high beam intensity;

• high beam brightness;

• high beam purity;

• high resolution for nuclear physics;

• high beam availability;

• multiple ports;

• complete coverage of all the beam energies and particle types availa-
ble at LAMPF II, including v, K, it, u, p, and polarized protons; and
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• flexibility to meet the requirements of future physics experiments.

The areas are conservatively designed, building especially on the extensive
experience at LAMPF in transporting and targeting high-intensity beams.
Attention has been paid to reducing costs, through the use of such techniques as
underground areas to reduce shielding costs, shared primary beam target cells
including a novel advance developed for LAMPF II (dubbed MAXIM), and careful
choice of remote-handling technology.

The beams to be provided will include

• Area N:
neutrino source, with pion focusing horn;

• Area A:
0.35- to 0.8-GeV hypernuclear and stopped kaon beams;
0.6- to 1.5-GeV/c kaon beam and spectrometer;
1.0- to 2.5-GeV/c kaon and antiproton beam;
2- to 6-GeV/c kaon and antiproton beam;
wide-band neutral kaon beam;
2 stopped n-u channels;
test beams;
35-GeV separated kaon and antiproton beam;
thin-target facility.

These beams include a capability for research with each particle type, over all
accessible energies, at LAMPF II.

6. PROJECT SCHEDULE AND COSTS

Cost estimates and project schedules have been prepared by Los Alamos per-
sonnel and external consultants. A consulting team from Science Applications
International Corporation has prepared a complete work-breakdown and cost
estimate. Estimates of electrical system costs were prepared by Ebasco
Services, Inc. The costs are listed in Chapter 7.

A detailed cost estimate, management plan, and schedule is contained in the
February 1986 LAMPF II Pre-Conceptual Design Report prepared by the Engineering
Department of the Los Alamos National Laboratory. The construction will be
carried out in two stages, with the booster and Area N ready for operation on
July 1, 1991, and the main ring and Area A ready for operation on December 31,
1994, given a 1988 start.

7. UNIQUE RESOURCES OF LOS ALAMOS NATIONAL LABORATORY AND THE USER COMMUNITY

LAMPF II will provide the nuclear science community with an essential capa-
bility for its attack on the frontier problems of nuclear and particle physics.
To be assured that this powerful capability is effectively developed, the re-
sources, people and facilities, and expertise at Los Alamos, will be crucial.
The scientific accomplishments of the nuclear and particle physics programs at
LAMPF and the development of the scientific interests of this community are con-
sistent with the goals of the LAMPF II program.
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2. THE STANDARD MODEL

1. INTRODUCTION

The Standard Model which will be described below represents the most
successful description developed to date of the physical world. It is defined
by a product of three symmetry groups SU(3)C x SU(2)W x U(l). The first factor
is associated with the eight colored vector gluons of QCD while the latter two
factors contain the four bosons of the electroweak theory. Even though the
Standard Model is cumbersome (12 gauge bosons, 45 fermions) it represents a
scheme in which all known physical phenomena can be incorporated and hence is a
useful benchmark to use in discussing the new physics that any proposed physics
facility will address.

In these terms, LAMPF II investigates how the range of applicability of
SU(3) may be extended over length scales applicable to hadrons and what
additional interactions may required to augment the electroweak factor
(SU(2) x U(l)). In the first case, we are presently unable to quantitatively
extend QCD out to the distances (10~13 cm) required to calculate properties and
interactions of hadrons made up of light quarks (u,d,s) because the QCD coupling
constant grows with distance to the point that nonperturbative techniques are
required. In the second case, LAMPF II will permit a sensitive investigation of
electroweak processes to search for physics beyond the minimal standard model.
Physics at LAMPF II can provide information complementary to the program
proposed for the SSC.



2. THE STANDARD MODEL 2.-3 April 1986

2. THE FUNDAMENTAL PARTICLES AND GAUGE BOSONS

The Standard Model is defined by a product of three symmetry groups:
SU(3) x SU(2)W x 11(1), It is a non-Abelian gauge field theory based on these
groups. The quantum rules for such theories require that they contain eight
vector bosons (gluons) from the SU(3) factor, three from SU(2)W and one from
U(l). To completely specify the theory, we must also specify what other
representations of particles are present.

All of the fermions of the Standard Model are shown in Fig. 2-1, and their
masses are shown in Table 2-1.

Quark Representations

<[ur]R,[ub]R,[ug]R)

c I
(lcr]R,[cb]R,[cg]R)

LVL

Lepton Representations

(e-)R (u")R (f >

Figure 2-1. The representations of the fermions of the Standard Model, which
comprise nine left-chiral quark, doublets, eighteen rijht-chiral quark singlets,
three left-chiral lepton doublets, and three right-chiral lepton singlets. The
subscripts r,b, and g denote the three color charges of the quarks and the
subscripts R and L denote right- and left-chiral projections. The symbols
d',s', and b' indicate weak-interaction mass eige.istates, which, as discussed in
the text, are mixtures of the strong-interaction mass eigenstates d,s, and b.



2. THE STANDARD MODEL 2.-4

TABLE 2-1

April 1986

Members of the three known quark-lepton families and their masses. Each family
contains one particle from each of the four types of fermions: charged leptons
with an electric charge of -1 (the electron, the muon, and the tau); neutral
leptons (the electron neutrino, the muon neutrino, and the tau neutrino); quarks
with an electric charge of 2/3 (the up, charmed, and top quarks); and quarks
with an electric charge of -1/3 (the down, strange, and bottom quarks). Each
family also contains the antiparticles of its members. Family membership is
determined by mass, with the first family containing the least massive example
of each type of fermion, the second containing the next most massive, and so on.
What, if any, dynamical basis underlies this grouping by mass is not known, nor
is it known whether other, heavier families exist.

First Family

electron, e~
0.511 MeV/c2

electron neutrino,
0.00002 MeV/c2(?)

up quark, u
=5 MeV/c2

down quark, d
=10 MeV/c2

e

Second Family

muon, u~
105.6 MeV/c2

muon neutrino,
<0.3 MeV/c2

charmed quark,
=1500 MeV/c2

strange quark,
=170 MeV/c2

\

c

s

Third Family

tau, T~
1782 MeV/c2

iau neutrino, v_
<56 MeV/c2

top quark, t
>40,000 MeV/c2(?)

bottom quark, b
=4500 MeV/c2

In addition, a weak (SU(2)W) isodoublet of Higgs scalars is required to
describe the symmetry breaking evident in the electroweak (SU(2)W x U(l))
sector. These Higgs scalars provide the mechanism to generate masses for the
fermions and for three of the vector bosons. There is, as yet, no direct
experimental evidence for these scalars.

Except for these scalars, all of the basic interactions of the standard
model are produced by the exchange of vector bosons between the fermions. Gluon
exchanges bind quarks into hadrons and are ultimately the origin of the strong
interactions. Meson exchange pictures of hadron-hadron interactions are higher
order effects from this point of view. The electroweak bosons include the
photon, and the recently discovered W+,W~ and Z vector bosons (at 81 and 93
GeV/c2). It is the exchange of these massive bosons which is responsible for
all known weak interactions, such as nuclear P-decay and neutrino scattering.

What follows are more detailed, separate descriptions of the strong and
electroweak factors of the Standard Model.
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Let us first present the physics of the strong interactions. In the
minimal standard model, mesons (n,p,K,...) and baryons (N,N ,A,A,...) are to be
completely described in terms of quarks combining to make color singlet
composite states. To satisfy the spin-statistics theorem, each of these quarks
must come in three states of an internal symmetry called color. Each set of
these three states forms a triplet representation of the SU(3) group, as
indicated by the r,b,g subscripts in Fig. 2-1. (This is a different 5U(3) from
the "Eight-fold Way" based on the u, d, and s quarks.) The gauge theory based
on this group is called Quantum Chromo Dynamics.

3.1 The QCD Lagrangian

The assumption of local symmetry leads to a Lagrangian whose form is highly
restricted. Only the quark and gluon fields are necessary to describe the
strong interactions, and so the most general Lagrangian is

"•QCD - ± F a
4 MV f . (3.1-1)

where

(3.1-2)

The sum on a in the first term is over the eight gluon fields A?. The
second term represents the coupling of each gluon field to an Sl/(3) current of
the quark fields, called a color current. This term is summed over the index i,
which labels each quark type and is independent of color. Since each quark
field Yj is a three-dimensional column vector in color space, the covariant
derivative, D , is defined by

\ (3.1-3)

where X is a generalization of the three 2 x 2 Pauli matrices of SU(2) to the
eight 3 x 3 Gell-Mann matrices of SU(3), and g s is the QCD coupling. Thus, the
color current of each quark has the form T X ^ Y . The left-handed quark fields
couple to the gluons with exactly the same strength as the right-handed quark
fields, hence parity is conserved in the strong interactions.
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The gluons are massless because the QCD Lagrangian has no spir.less fields
and therefore no obvious possibility of spontaneous symmetry breaking. Of
course, if motivated for experimental reasons, one could add scalars to the QCD
Lagrangian and spontaneously break SU(3) to a smaller group. For the remainder
of the discussion, ve assume that QCD is not spontaneously broken.

The third term in Eq. 3.1-1 is a mass term. In contrast to the electroweak
theory, this mass term is allowed, even in the absence of spontaneous symmetry
breaking, because the left- and right-handed quarks are assigned to the same
multiplet of SU(3). The numerical coefficients Mj. are the elements of the
quark mass matrix; they can connect quarks of equal electric charge. The L Q Q D

of Eq. 3.1-1 permits us to redefine the QCD quark fields so that M-• = m.Sj-.
The mass matrix is then diagonal and each quark has a definite mass, which is an
eigenvalue of the mass matrix. We will re-appraise this situation when we
describe the weak currents of the quarks.

3.2 The QCD Coupling Strength

Successfully extracting detailed predictions of the L Q C Q of Eq. 3.1-1 is
very difficult. Analysis of the electroweak theory is simple because the
couplings are always small, regardless of the energy scale at which they are
measured, so that a classical analysis is a good first approximation to the
theory. The quantum corrections are, for most processes, only a few percent.

In processes that probe the short-distance structure of hadrons, the quarks
inside the hadrons interact weakly, and here the classical analysis is again a
good first approximation because the coupling, gs, is small. However, for
Yang-Mills theories in general, the renormalization group equations of quantum
field theory require that gs increases as the squared-momentum transfer, q

2,
decreases until the momentum transfer equals the masses of the vector bosons.
For large q2,

exs(U
2)

«s(q
2) =

where u2 is some reference scale usually chosen to be greater than 1 GeV2, and
Eq. 3.2-1 describes the variation of ag away from that reference value. (The
quantity b is a pure number calculated from one-loop Feynman diagrams.) For
q2 < u2 , however, the logarithm is negative and a (q2 ) grows as q2 decreases.
It quickly exceeds the range of validity of the perturbation theory used to
derive Eq. 3.2-1. It is widely speculated that this growth produces the
confinement of quarks (and gluons), so that only color neutral hadronic states
are observed in nature. This speculation is now receiving support from lattice
QCD calculations. Lacking spontaneous symmetry breaking to give the gluons
mass, QCD contains no mechanism to stop the growth of g , and the quantum
effects become more and more dominant at larger and larger aistances (smaller q2

values). Thus, analysis of the long-distance behavior of QCD, which includes
driving the hadron spectrum, requires solving the full quantum theory implied by
Eq. 3.1-1. This analysis is proving to be very difficult.
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3.3 Phenomenology from QCD

Even without the solution of LQQD, however, some conclusions can be drawn.
The quark fields Yj in Eq. 3.1-1 must be determined by experiment.
Phenomenological analyses determine their masses (as they appear in the QCD
Lagrangian), which are given in Table 2-1. If these results are substituted
into Eq. 3.1-1, ve can derive a beautiful result from the QCD Lagrangian. In
the limit that the quark mass differences can be ignored, Eq. 3.1-1 has a global
SU(3) symmetry that is identical to the Eightfold-Way SU(3) symmetry. Moreover,
in the limit that the u,d, and s masses can be ignored, the left-handed u,d, and
s quarks can be transformed by one SU(3) and the right-handed u,d, and s quarks
by an independent SU(3). Then QCD has the "chiral" SU(3) x SU(3) symmetry that
is the basis of current algebra. The sums of the corresponding SU(3) generators
of chiral SU(3) x SU(3) generate the Eightfold-Way SU(3). Thus, the QCD
Lagrangian incorporates in a very simple manner the symmetry results of hadronic
physics of the 1960s. The more recently discovered c (charmed), b (bottom), and
t (top) quarks are easily added to the QCD Lagrangian. Their masses are so
large and so different from one another that the SU(3) and SU(3) x SU(3)
symmetries of the Eightfold-Way and current algebra cannot be usefully extended
to larger symmetries. (The predictions of, say, SU(4) and chiral SU(4) x SU(4)
are not easy to reconcile with experiment.)

3.4 Quark Masses in QCD

It is important to note that the quark masses are undetermined parameters
in the QCD Lagrfingian and therefore must be derived from some other more
complete theory or inserted phenomenologically. These arise from coupling to
Higgs scalars in the electroweak Lagrangian (see later), which are also free
parameters. Thus, the Standard Model provides no constraints on quark masses,
so they must be obtained from experimental data.

The mass term in the QCD La#rangian (Eq. 3.1-1) has led to new insights
about the neutron-proton mass difference. The quark content of a neutron is
"udd" and that of a proton is "uud." If the u and d quarks had the same mass,
then we would expect the proton to be more massive than the neutron because of
the electromagnetic energy stored in the "uu" vs. the "dd" system. Since the
masses of the u and d quarks are arbitrary in both the QCD and the electroweak
Lagrangians, they can be adjusted phenomenologically to account for the fact
that the neutron mass is 1.293 MeV/c2 greater than the proton mass. This
experimental constraint is satisfied if the mass of the d quark is about
3 MeV/c2 greater than that of the u quark. In a way, this is unfortunate,
because we must conclude that the famous puzzle of the n-p mass difference will
not be solved until the Standard Model is extended enough to provide a theory of
the quark masses.

3.5 Experimental Evidence for QCD

The long distance behavior of QCD is dominated by the growth of the
coupling, gg. The absence of experimental observations of free quarks and
gluons is consistent with the extrapolation of this growth beyond the
perturbative regime. Many nonperturbative models have been developed to
describe this confinement of the color degrees of freedom: linearly rising
potentials, strings, flux tubes, and bags. These all do reasonably well at
reproducing the mass splittings of mesons and baryons. Even hadron sizes,
however, are much more difficult to calculate. The meson-baryon coupling
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strengths, and the momentum dependence of their vertices, are not reliably
obtained. Although direct calculations of the QCD path integral by lattice
techniques offer significant promise, they are still in a primitive state.

In view of this, one might well ask what experimental basis exists for
accepting QCD. This is actually better founded than the tenuous relation
between the putative confinement property of QCD and the absence of observed
free quarks, or even the qualitative correspondence with the observed hadron
spectrum. There is a very good semi-quantitative agreement between QCD
calculations (including an inferred effective potential) and the properties of
states composed of heavy quarks and antiquarks, such as the c and b quarks.
This is due to the fact that in these heavy quark-antiquark systems, all of the
dynamics occur at short distances, with the separation always being within a a
few tenths of a fermi.

The best evidence for QCD is found in scattering involving short distance
dynamics. This includes the hadron jets predicted and found in e+e~
annihilation into quarks and antiquarks and especially the quark, antiquark,
gluon three-jet final states. In the latter, the measured angular distributions
accurately confirm the predictions of QCD. Jet distributions in high momentum
transfer hadron-hadron scattering also support QCD predictions, but are less
definitive as quantum loop corrections produce significant, but not precisely
calculated, corrections. Finally, the pattern of scaling violations in deep
inelastic lepton-hadron scattering is consistent with the predictions of QCD.

In none of this, however, has QCD been applied directly to nuclei. Deep
inelastic lepton scattering results have suggested that the quark distributions
in nuclei are not just the sum of distributions in nucleons. This raises the
prospect that QCD can be studied at long (»1 fm) distance scales in nuclei, and
that there are new effects to be studied.
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4. THE SU(2) x U(l) ELECTROWEAK MODEL

Before the electroweak model was proposed over twenty years ago, the
electromagnetic and charge-changing weak, interactions weie well known. If the
weak interactions can change electrons to electron neutrinos, then the group
representations must at least include doublets, so that SU(2) is the smallest
possible group. Various schemes were tried that did not agree with experiment.
The hypothesis of the extra U(l) factor was challenged many times until the
discovery of the weak neutral current at CERN in 1972 in a neutrino scattering
experiment. That discovery established that the .local symmetry of the
electroweak theory had to be at least as large as SU(2) x U(l), despite the
awkwardness of having two factors.

4.1 The Electroweak Lagrangian

The Lagrangian includes many pieces. The kinetic energies of the vector
bosons are described by Ly_M. The three weak bosons W+, W~, and Z have masses
acquired through spontaneous symmetry breaking, so we need to add a scalar piece
^scalar t0 t*ie La£rangian i" order to describe the observed symmetry breaking.
The fermion kinetic energy Lje ^ includes the fermion gauge boson
interactions, analogous to the electromagnetic interactions. Finally, we add
terms that couple the scalars with the fermions in a term Lyukawa" "^e
significance jf the Yukawa term is that it provides for masses of the quarks and
charged leptons.

Thus, the electroweak Lagrangian has the terms

Lelectroweak = LY-M + Lscalar + Lfermion + LYukawa * (4.1-1)

(The reader may find this construction to be ad hoc and ugly. However, it is
important to remember that, at present, the Standard Model is the pinnacle of
success in theoretical physics and describes a broader range of natural
phenomena than any theory ever has.)

The Yang-Mills piece is completely analogous to that for QCD, vith only the
structure constants for SU(2) replacing those for SU(3) in Eq. 3.1-2.

The scalar Lagrangian requires inclusion of a representation of scalar
fields, called Higgs' bosons. These develop a nonzero vacuum expectation value
to break the symmetry. In the minimal version of the theory, these scalars form
a complex doublet with four degrees of freedom. After the spontaneous symmetry
breaking, three of the four scalar degrees of freedom are "eaten" by the weak
bosons. Thus, just one scalar should be observable as an independent neutral
particle, called the Higgs particle. It has not yet been observed
experimentally, and it is the most important particle in the standard model that
does not yet have a direct phenomenological verification. (The minimum number
of scalar fields in the standard model are these four. Experimental data could
eventually require more.)
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4.2 The Electroweak Coupling Constants

SU(2) x U(l) has two factors, and there is an independent coupling constant
for each factor. The coupling for the SU(2) factor is called g, and the U(l)
coupling is g'. The two couplings can be written in several ways. The U(l) of
electrodynamics is a linear combination of the U(l) factor and the third
component of the weak isospin. The_ electromagnetic coupling is, as usual,
denoted by e and its value is S4na. The other coupling can then be
parameterized by an angle 9W. The relations among g,g',e, and ©w are

e E gg',Hg
2+g'2 and tan 0V s g'/g . (4.2-1)

In the electroweak theory, both couplings must be evaluated experimentally and
cannot be calculated in the standard model.

4.3 Vector Boson Masses

Under the spontaneous symmetry breakdown, the vacuum expectation value of
the scalars produces mass terms for the vector bosons. If we call the vacuum
expectation value V/T2, then the charged (W+,W~) bosons have a mass squared of

g2 ^- . (4.3-1)

A combination of the remaining two vector bosons will also have a mass; this is
the Z°. The Z° mass squared is

K = (g2 + g'2)v2/2 , (4.3-2)

and the photon is, of course, massless. The ratio of the squares of the W and Z
masses satisfies

MW
1 (4.3-3)

MZ cos20w

The ratio is termed p and its deviation from 1 is a test of the standard model.
Values for My and Mz have recently been measured at the CERN proton-antiproton
collider: My = (80.8 ± 2.7) GeV/c2 and Mz = (92.9 ± 1.6) GeV/c2. The ratio
Mw/Mz calculated with these values agrees well with that given by cos©w. (The
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angle ©w is usually expressed as sin
29y and is measured in neutrino-scattering

experiments to be sin29w = 0.224 ± 0.0i5.)

4.4 Weak Interactions of Leptons

The form of Lf e r mi o n is analogous to that for electrodynamics. There is no
mass term. Mass terms violate the SU(2) x U(l) symmetry. We will see later
that the electron mass will reappear as a result of modification of Ly kawa due
to spontaneous symmetry breaking, just as the vector boson masses arise from
coupling to the Higgs' scalars.

After simplifying some expressions, we find that L j e p t o n for the electron
lepton and its neutrino is

lepton ~ e

±

cosew
tan*9v(2eRY%v(2eRY%

g
2 cose,

(4.4-1)

w

The first two terms are just the kinetic
neutrino. (Note that e eR.)

energies of the electron and the
The third term is the electromagnetic

interaction with electrons of charge -e, where e is defined in Eq. 4.2-1. The
coupling of Ay to the electron current does not distinguish left from right, so
electrodynamics does not violate parity. The fourth term is the interaction of
the W+ bosons with the weak charged current of the neutrinos and electrons.
Note that these bosons are blind to right-handed electrons. This is the reason
for maximal parity violation in beta decay. The final terms predict how the
weak neutral current of the electron and that of the neutrino couple to the
neutral weak vector boson Z°.

If the left- and right-handed electron spinors are written out explicitly,
with e^ = (1 - Y5>e/2, the interaction of the weak neutral current of the
electron with the Z° is proportional to e-y^Kl - 4sin20w) - Y5]eZ^. This
prediction provided a crucial test of the standard model. Since sin^9 is very
nearly 1/4, the weak neutral current of the electron is very nearly a purely
axial current, that is, a current of the form Iv^v^e. This crucial prediction
was tested in deep inelastic scattering of polarized electrons and in atomic
parity-violation experiments. The results of these experiments went a long way
toward establishing the standard model. The test also ruled out models quite
similar to the standard model. There are many more tests and predictions of the
model based on the form of the weak currents, but this would greatly lengthen
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our discussion. The electroweak currents of the quarks will be described after
fermicn masses.

4.5 Fermion Masses

We now discuss the last term in Eq. 4.1-1, Lyujiawa. The interaction
between the scalars and spinors has the form:

LYukawa = GY Y ( | > Y

where <f> is the Higgs' doublet. We first discuss the case where Y describes the
electron and its neutrino. If the neutrino has no right-handed component, then
it is massless. If vR is included, then the neutrino mass is another free
parameter; it is excluded in the minimal model. When the neutral Higgs' boson
is replaced by its vacuum expectation value, the Yukawa terms for the electron
produce the electron mass term,

mg = Gev/^2 , (4.5-2)
g

so the electron mass is proportional to the vacuum expectation value of the
scalar field. The general Yukawa coupling Gy has been replaced by the
particular one for the electron, Gg.

As the Gy-values are free parameters in the electroweak theory, they must
be determined pfienomenologically from v and the fermion mass. The value of v
can be obtained from the value of g and the W-mass, by using Eq. 4.3-1. The
value of g may be inferred from the electromagnetic coupling and the weak angle
9¥, by using Eq. 4.2-1. Using mg = 0.000511 GeV, we find Gg = 2.8 x 10"

6 for
the electron.

There are more than nine Yukawa couplings, including those for the u and T
leptons and the three quark doublets as well as terms that mix different
fermions of the same electric charge. The standard model in no way determines
the values of these Yukawa coupling constants. Thus, only extensions of the
standard model address the full fermion mass matrix.

The electroweak theory predicts, to very high accuracy, all of the
interactions of leptons. For example, aside from electromagnetic phenomena, the
electroweak theory predicts the detailed structure of u and T decay, and the
neutral and charged current scattering of neutrinos on electrons. These
predictions are absolute, given the W and Z masses, and the value of sin29
inferred from them. In fact, accurate predictions require the inclusion or
radiative corrections which intrinsically depend on the renormalizability of the
theory. There are no observed deviations from these predictions at the present
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levels of accuracy. Further tests require a knowledge of the electroweak
properties of quarks, which we describe next.

4.6 Weak Interactions of Quarks

The weak currents of the quarks are determined in the same way as the weak
currents of the leptons. Let us begin with just the u and d quarks. Their
electroweak assignments are as follows: the left-handed components u^ and dj
form an SU(2) doublet and the right-handed components uR and dR are SU(2)
singlets.

The charged currents of quarks are entirely analogous to those of leptons
(see section 4.4). The contribution to the Lagrangian due to interaction of the
weak neutral current Jy °^ tne u an<* d quarks with Z° is

<••«>

where

\ sin2ev) W 3

\ + \ sirf̂ J d d + \\ + \ sirf^J dLyudL + \ sinewdRYudR . (4.6-2)

This pattern is repeated when we include the other quarks (see Fig. 2-1).

4.7 Family Repetitions and Quark Masses

So far we have emphasized the construction of the QCD and electroweak
Lagrangians for just one lepton-quark "family" consisting of the electron and
its neutrino together with the u and d quarks. Two other lepton-quark families
are established experimentally: the muon and its neutrino along with the c and s
quarks and the T lepton and its neutrino along with the t and b quarks. Just
like (v e) L and eL, ("Or and u L and (vT)t and Tx form weak-SU(?) doublets: eR>
u R and T R are each SIT(2; singlets. Similarly, the weak quantum numbers of c and
s and of t and b echo those of u and d: c, and ST form a weak-SU(2) doublet as
do tp and bT. Like uD and dD, the rignt-handed quarks cD, sD, tD, and bD are
all weak-SU(2)Lsinglets.R R R' R' R' R

This triplication of families cannot be explained by the standard model,
although it may eventually turn out to be a critical fact in the development of
theories which extend the standard model. The quantum numbers of the quarks and
leptons are summarized in Fig. 2-1 and Table 2-1.
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All these quark and lepton fields must be included in a Lagrangian that
incorporates both the electroweak and QCD Lagrangians. It is quite obvious how
to do this: the standard model Lagrangian is simply the sum of the QCD and
electroweak Lagrangians, except that the terms occurring in both Lagrangians
(the quark kinetic energy terms iT^Y^B Yj and the quark mass terms i;H
included just once. Only the mass term requires comment.

The quark mass terms appear in the electroweak Lagrangian in the form from
^Yukawa analogous to Eq. 4.5-2. In the electroweak theory quarks acquire masses
only because SU(2) x U(l) is spontaneously broken. However, when there are
three quarks of the same electric charge (such as d, s, and b), the general form
of the mass terms is the same as in Eq. 3.1-1, I^M^Y.!, because there can be
Yukawa couplings between d and s, d and b, and s and b. Nevertheless, there is
no reason for the fields obtained directly from the electroweak symmetry
breaking to be these mass eigenstates, and in fact they are not.

We illustrate this for the case of two families of quarks. Let us denote
the quark fields in the weak currents with primes and the mass eigenstates
without primes. There is freedom in the Lagrangian to define u = u' and c = c'.
If we do so, then the most general relationship among d, s, d', and s' is

(4.7-1)

The parameter 9 , the Cabibbo angle, is not determined by the electroweak theory
(it is related to ratigs of various Yukawa couplings) and is found
experimentally to be about 13 . (When the b and t(=t') quarks are included, the
matrix in Eq. 4.7-1 becomes a 3 x 3 matrix involving four parameters that are
evaluated experimentally. The fourth parameter permits a description of CP
violation in the standard model. See Chapt. 4.) The correct weak currents are
then given by Eq. 4.6-2 if all quark families are included and primes are placed
on all the quark fields. The weak currents can be written in terms of the quark
mass eigenstates by substituting Eq. 4.7-1 (or its three-family generalization)
into the primed version of Eq. 4.6-2. The ratio of amplitudes for s -• u and
d -> u is tan 9C; the small ratio of the strangeness-changing to
nonstrangeness-changing charged-current amplitudes is due to the smallness of
the Cabibbo angle. It is worth emphasizing again that the standard model alone
provides no understanding of the value of this angle.

If the neutrinos have masses, then similar effects to Eq. 4.7-1 must be
discussed in the lepton sector, also. This leads to the phenomena of neutrino
oscillations, and neutrino decays.

This discussion of the electroweak properties of quarks has been very
brief; they are just like leptons, except for a slightly different weak
hypercharge. Yet the whole host of weak nuclear and particle decays is, in
principle, now understood. We say, in principle, because QCD can produce
significant corrections to the basic interactions.
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5. STRONG INTERACTION CORRECTIONS TO THE ELECTROWEAK INTERACTIONS

The charged-current weak interactions described above are purely
left-chiral. Figure 5-la shows a Feynman graph which produces an innocuous
renormalization of these left-chiral fermions (such as uL and d^) in the pure
electroweak theory. However, for quarks, there are also gluonic couplings.
Figure 5-lb, called a "penguin" diagram, shows a strong interaction correction
to Fig. 5-la. The gluon couples another quark to the first one, and detailed
calculation shows that, to a good approximation, this produces an effective
four-fermion coupling of electroweak strength. However, because the gluon
couples equally to left- and right-chiral quarks (the strong interactions
conserve parity), the result is an effective parity-violating, left-right
current-current interaction. This is different from that found for fermions
with no strong interactions (leptons). Thus, nonleptonic decays of hadrons
appear to involve a more complicated weak Hamiltonian. Furthermore, the usual
large QCD effects at large distances (due to the growth of the coupling
constant) make large contributions to these decays and so they are difficult to
analyze precisely.

Other areas where QCD must have significant effects include: the axial
vector nucleon coupling (g^/gy = -1>262 ± 0.005), which differs from the bare
quark value (g/i/gy = -1); and the enhancement of 1/2 unit isospin changing weak
decays over 3/2 unit ones (AI = 1/2 rule).

(a)

w

(b)

Figure 5-1. One-loop Feynman diagrams for (a) weak interaction corrections to
quark propagation, and (b) combined weak and strong interaction effect in quark-
scattering. This latter is called a "penguin" diagram. The straight lines
represent quarks, the sawtooth represents a weak interaction vector boson (W, Z,
A), and the curly line represents a gluon.
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Thus, it has been nuclear decays, with their effect of quantum number
filtering, which have dominantly confirmed the systematics of the electroweak
theory. In general, only semileptonic interactions have been useful. One
particularly noteworthy case is the parity violating asymmetry in deep inelastic
polarized electron-nucleon scattering which confirms the value of sin2©w.
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6. CONCLUSIONS

Thus we have presented a model which potentially accounts for all observed
phenomena at energies up to the order of 100 GeV. An excellent and extensive
discussion of the status of the standard model and its comparison to experiment
was presented last fall (La 85). The model is however inadequate from several
points of view. Because hadrons are the manifestation of strong interactions in
our physical universe, QCD will lose much of its impact if it is unable to cast
light on their structure and interactions. To accomplish this we must learn how
to implement QCD in its nonperturbative long distance (10~13 cm) regime. The
electroweak sector, while mathematically tractable, leaves a host of unanswered
issues regarding fermion masses and the inviolateness of individual types of
fermion number. The latter issue involves the mass scale and mechanism through
which family number will be violated. In the following sections we discuss how
a high intensity hadron facility can address these most fundamental issues in
physical research.
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3. STRONG INTERACTION PHYSICS

1. INTRODUCTION

1.1 Background

The issues to be addressed by a high-energy, high-intensity hadron facility
have been outlined in the initial version of the LAMPF II proposal (La 84) and
in many other documents (Ka 85, Bn 84, La 83a, La 83b, La 82). These documents
make it clear that there is a vast area of hypernuclear physics, hadron
spectroscopy, and hadronic reactions that can only be explored at such a
facility. This proposed program would doubtless lead to great, advances in our
understanding and characterization of strong interaction physics1, at and beneath
the hadronic level. In this document the role of a LAMPF II facility in the
long-range goals of nuclear physics will be addressed. These goals include the
description of hadronic structure, and the low-energy processes in which hadrons
are involved, in terms of QCD. This goal has been stated many times by the
U.S. nuclear physics community. For example:

"One of the greatest challenges facing nuclear physics today is
to find and follow the implications of quarks and of QCD in nuclei.
This challenge is experimental and theoretical in equal measure. We
must design experiments that will reveal the relevant degrees of
freedom as clearly and unambiguously as possible; we must attempt to
find experimental signatures for modes of excitation in which the
quark degrees of freedom participate individually, not merely as the
underlying structure of nucleons and mesons."—A Long Range Plan for
Nuclear Science, Report by NSAC, 1983.

"Going beyond our dominant question, we turn here to the general
question of exploring the interface of nuclear physics and QCD. The
richness of QCD will give rise to a diversity of phenomena requiring
study with a corresponding diversity of probes. As is clear from the
Long Range Plan, effective exploration of the interface between
nuclear physics and QCD necessarily involves, in addition to electro-
magnetic facilities, consideration of relativistic heavy ion colli-
sions and of hadronic probes which address complementary fundamental
aspects of this interface."—Report of the NSAC Ad Hoc Subcommittee on
a 4 GeV Ctf Electron Accelerator for Nuclear Physics, 1984.

"The primary focus of nuclear physics research at CEBAF will be
investigations of the microscopic quark-gluon aspects of nuclear
matter (the regime of high energies, high momentum transfers, and
small distances), using the electron beam to probe the detailed
particle dynamics within a single nucleon with surgical
precision."—Brinkman Report - Nuclear Physics Survey, 1984.

Indeed this goal motivates the physics of new large facilities proposed for
increasing our knowledge of nuclear physics. The Continuous Electron Beam
Accelerator Facility (CEBAF) will employ an intense CW beam of modest energy (on
a QCD scale) electrons to investigate hadronic structure with the hope of
revealing the underlying QCD effects. In contrast, the principle objective of a
relativistic heavy-ion collider is to create a spectacular signature of QCD, an
extended quark-gluon plasma. If QCD "is the correct theory of strong
interactions, there seems little doubt that such a state of strongly interacting
matter occurs at sufficiently high temperature and density.
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The following discussion demonstrates that a facility such as LAMPF II will
directly access quark and gluon degrees of freedom in normal hadronic matter and
allow a thorough investigation of the consequences of nonperturbative QCD. The
more than 100-fold increase in intensity permits experiments of presently
unparalleled sensitivity allowing one to observe subtle changes in hadronic
structure that can provide the links between QCD and hadronic descriptions of
strongly interacting matter.

1.2 Color Confinement as the Underlying Issue

As is well known, the QCD Lagrangian as written in Eqs. 3.1-1, 3.1-2, and
3.1-3 (Chapt. 2) is not theoretically tractable at the length scales (10~13 cm)
necessary to describe hadrons made of light quarks. The two contrasting aspects
of QCD, asymptotic freedom and total confinement, presumably arise from the
non-Abelian nature of the color field. This is due to the fact that the gluons
themselves carry color and hence, through the principle of local color gauge
invariance, interact with one another. The coupling constant a(q2 ) which
governs the strength of the color interaction becomes stronger as q2 decreases
(length scale increases) and does not allow perturbative solutions below q2 of
the order of (1 GeV/c)2. However, one may investigate and characterize hadronic
structure by probing the underlying quark distribution with electroweak
collision processes. If the momentum transfer is sufficiently high then the
struck quark may be treated in that collision as free of strong interactions
with its fellow partons. Thus processes of this kind can be used to dirctly
measure the momentum distribution of quarks within hadrons and within nuclei.
As will be shown in section 1.3, one can characterize and qualitatively
understand the measured quark distribution functions foi nucleons and pions.
Thus with a great deal of experimental input, a working description of nucleons
and pions in terms of quark and gluon degrees of freedom can be obtained. It is
imperative to increase our knowledge of the structure of other light hadrons and
any alteration of that structure in nuclear matter in order to gain further
insight into the workings of QCD in its nonperturbative regime.

This introductory section presents a brief discussion of the role QCD plays
in hadronic structure and its consequences in nuclear matter. Unfortunately for
nuclear physics the most crucial aspect of QCD is its uncertain low-energy
behavior which is reflected in the manner by which color confinement is
achieved. The quark flavors of principal concern at LAHPF II are the up (u),
down (d), and strange (s). These light quarks range over lengths the order of
10"13 cm in normal hadrons and hence must be strongly affected by the very
powerful confining mechanism. This confining interaction, which likely arises
frc.T. the self-interacting character of gluons is modeled in a variety of ways;
for example, via bag models (Ch 74) or a harmonic oscillator potential. These
models are only qualitatively adequate as they predict many more hadronic states
than are experimentally observed. Hence, the hadron spectrum made of light
quarks is sensitive to the specifics of the confinement mechanism. Further
studies of the nature of confinement may be carried out by exposing hadrons to
the strong forces present in nuclei. As stated earlier, it is believed that in
a nucleus at sufficiently high temperature and density total deconfinement will
take place.

We do not know to what degree quarks are confined within hadrons in the
interior of nuclei at normal temperature. The nucleus is an overall color
singlet and there is no quantitative measure of the degree of confinement that
exists within normal nuclei. There is a variety of models that permit or even
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endorse (Pi 84, Ba 85, Ce 84) deconfinement in the nucleus beyond that observed
for free hadrons. These range from quark shell models, to band structures
allowing color conduction within the nucleus, to multiquark (n > 3) clustering
in nuclei, to simple swelling of hadrons in the nucleus. Most of these models
were born as a result of the EMC effect (Au 83). The EMC effect has become the
best known nuclear physics phenomena of the 1980's. The effect arises from a
comparison of the measured quark-momentum distribution function per nucleon in
deuterium (D) and iron (Fe). The comparison shows that the quark-momentum
distribution in Fe is softer than it is in D. The quark distributions are
measured by deep-inelastic scattering of energetic muons. Explanations of the
EMC effect range from the models of altered structure cited above, to those
evoking excess pions (Be 85b), changes in length scale (Ja 83, Cl 83), and most
recently ascribing the effect to nuclear binding (Ak 85).

It is also useful at this point to consider whether many of the long
standing problems in nuclear structure physics may be ascribable to some form of
alteration of hadronic structure. For example the Coulomb energy problem, the
so-called Nolen-Schiffer (No 69) anomaly, has resisted explanation for over 20
years. Recently a few authors (Gr 84a, Ko 85, Wi 86) have turned to QCD degrees
of freedom to explain the effect. We can also question the inability of nuclear
theory to calculate absolute transition rates. The observed rate of supposedly
well-understood electroweak processes, not constrained by overall conservation
laws (i.e., Fermi beta decay), is typically 0.7, or less, of the best
calculation for nuclei when A > 12. This should be regarded as particularly
significant in view of the observed yield of quasi-elastic electron scattering.
In this case one sees only 70% of the expected sum rule even though the
experiments have searched for strength up to 300 MeV above the ground state. Is
it natural to ascribe this difficulty to deconfinement in the nuclear interior?

1.3 Structure Functions and Quark Distributions of Nucleons and Pions

As mentioned earlier there exist phenomenologically determined quark
distribution functions for the nucleon and pion. These structure functions are
extracted from the results of deep-inelastic scattering of leptons from
nucleons. In addition to the electromagnetic scattering of electrons and muons,
the different coupling of neutrinos and antineutrinos to quarks and antiquarks
via charge-changing weak processes allows one to separate the valence and sea
quark contributions to the structure functions. These structure functions are
shown in Fig. 1.3-1 for the nucleon. They are shown as a function of the
Bjorken scaling variable x. This variable (x) is the fraction of the total
hadron momentum carried by the struck quark.

A general form expected (We 70, Br 73, Fe 74) for a structure function at
large x for a hadron containing i quarks is

F(x)
x -+

-> (1 - x)2i-3 (1.3-1)

Thus one expects that the valence quark distribution of a nucleon goes as
(1 - x)3 for x -» 1. This form provides an excellent fit to Fg(x) for x > 0.5,
shown in Fig. 1.3-1. The lowest power law that can be expected for antiquarks
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Figure 1.3-1. The quark structure functions Fa, xFo, and Q for the nucleon
versus x. The structure function xFo is the valence quark distribution while Q
is the sea quark distribution. The solid line fits to the measured
distributions are F2 = 3.9x°-

55(l - x)3-2 + 1.1(1 - x) 8, xF3 = 3.6x°-
5S

(1 - x ) 3 - 2 , and Q = 0.7(1 - x) 8. The information is taken from Rev. Mod. Phys.
56, 561 (1984).

which must come from the sea is (1 - x)7 as there must be at least five quarks
present [(qqq)qq]. The smooth curve that fits the nucleon antiquark distribu-
tion q(x) shown in Fig. 1.3-1 is (1 - x) 8.

The pion structure function is best measured via the Drell-Yan process
using pion beams. The pion structure function should go as (1 - x) at large x.
As one can see in Fig. 1.3-2, this form provides a good fit to the data for
x > 0.5.

Integration of the quark structure function over the interval 0 < x < 1.0
for both the pion and the nucleon shows that only half the hadron momentum is
carried by valence and sea quarks. The other half of the momentum must be
carried by the gluons which do not couple to electroweak probes. Thus we see
that a useful characterization of the quark structure of the nucleon and pion is
available, and that glue is a very important constituent of these objects.
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Figure 1.3-2. The quark, structure function of the n~ meson as measured by
Baldin et al. and reported in I. R. Kenyon Reports Prog. Phys. 45, 1261 (1982).
Fig. (a) is at 200 GeV and (b) is at 150 GeV pion energy. The dotted curve is a
fit to the valence distribution using F_ = (1 - x ) 0 - 4 5 .
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2. EXPERIMENTAL INVESTIGATION OF CONFINEMENT

Granted that light quark confinement is a central issue for hadron and
nuclear physics, how is it to be investigated? In this section we describe two
approaches which examine complementary aspects of confinement physics. The
study of hadron spectra (2.1) deals with the issue directly by searching for
exotic states of few quark-gluon systems predicted by QCD. In subsection 2.2
the effect of the nuclear medium on confinement is considered. Here one seeks
to answer the question, "Do the strong fields which exist in nuclei alter the
structure of hadrons to any observable degree?"

2.1 Hadron Spectra

Phenomenological models of QCD often do very well in reproducing hadronic
properties which are dependent on the color hyperfine interaction such as mass
splitting and magnetic moments of various baryons. In general, however, these
models predict a much richer spectrum of hadronic objects than is observed.
They predict many dibaryons (6q), several baryonium (2q2q) states, and objects
sometimes referred to as hybrids (qqg). In principle the most reliable method
available for calculating the nonperturbative consequences of QCD is the
lattice-gauge technique. Under certain conditions, such calculations can be
expected to produce reliable results. Unfortunately these calculations are not
at a stage where they can be regarded as reliable, nor is the time scale on
which such results will be forthcoming predictable (5-50 years). Thus
experiments must play a definitive role in assessing the utility of such
calculations. One of the most useful areas of experimental investigation to
undertake at LAMPF II will be a critical search for the yet undiscovered objects
predicted by models of QCD (Sect. 2.1). Among these objects are six quark
S = -1 and S = -2 dibaryons and quarkless objects made only from glue. As glue
carries the order of half the momentum in pions and nucleons, it must be
regarded as a very important part of these strongly interacting systems.
Unfortunately the glue is difficult to quantitatively observe in a direct
fashion, as electroweak probes couple only to quarks.

2.1.1 Dibaryons—The H Particle, S = -2. Let us begin with a discussion
of the S = -2 dibaryon spectrum. The search for narrow six-quark states other
than those made of two baryons has absorbed a great deal of attention over the
past decade. Despite some early optimism that these structures would be
observable, there is no convincing evidence for their existence. A likely
explanation for nonobservation of S = 0 or S = -1 dibaryons is that these states
are very broad. For S = -2, however, a six-quark system made up of two each u,
d, and s quarks allows the quark wave function to be totally symmetric. Indeed,
as long ago as 1977 Jaffe (Ja 77) predicted the lowest state of this system to
be stable against strong decay. The mass of the lowest energy S = -2 state, the
H dibaryon, is predicted to be less than the mass of two A particles by

M(H) - 2M(A) = -60 MeV/c2 . (2.1-1)

Considering the level of interest in dibaryon searches and the fact that only
this dibaryon (H) is predicted to be stable, it is surprising how few
experiments have been undertaken to find it. The H should undergo weak decay,
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H -* A + n

with a lifetime of the order of 10"10 s.

Although the prediction of stability of the H against strong decay was made
some 10 years ago, there seems to be little reason to retreat from it (Do 86).
In fact, if anything there are further theoretical developments that support it.
In a currently popular description baryons emerge as solitions in a chiral model
for meson dynamics. Recent work (Ba 84) in this area also predicts that the
lowest state J = 0, B = -S = 2 is stable against decay into two hyperons. Thus,
a variety of theoretical paths reach the same conclusion; such a dibaryon has a
significant chance of being stable against strong decays. However, lest the
reader be given the impression that unanimity exists on this subject, it must be
pointed out that conjecture and calculation range from a speculation that the H
might be stable against even weak decay (Ba 85c) to a recent lattice-gauge
calculation (Ma ?.Z, that predicts it to be unbound by 800 MeV! In such a
situation it is clear that experimental investigations are desperately needed.
In addition to its role in illuminating confinement mechanisms, the H wculd
represent the smallest piece of so-called "strange quark matter" which is of
great cosmological (Wi 84), astrophysical (Ba 85c), and physical (Fa 84a)
interest.

The most promising avenues of searches for the H were articulated at the
second LAMPF II Workshop (La 82). Two possible experiments were emphasized.
One involves the reaction proposed by Aerts and Dover,

K~ + 3He -» K+ + H + n . (2.1-2)

The other (Ba 82) uses a two-stage process

K" + p -> K*- + 3~ (2.1-3a)

with

S" + d -> H + n . (2.1-JL)

The second alternative will be discussed in more detail drawing on a proposal
(BNL 85) submitted to the AGS. The proposal employs experimental apparatus
shown in Fig. 2.1.1-1. A 1.8 GeV/c K~ beam at an intensity of 2 x 10s K's per
2.8 s spill is proposed. The spectrometer measures the momentum and charge of
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the outgoing particle and the Cherenkov detector distinguishes kaons from pions.
This system allows identification of an event with a recoiling H" of known
momentum. The most uncertain piece of physics in this proposed experiment is
the quark phenomenology involved in calculating the fraction of captured H~ that
produces the H rather than a pair of A's. Figure 2.1.1-2 is taken from (Ae 83)
and shows that this ratio (R) lies most optimistically between 0.8 and 0.01.
However, R is highly uncertain and cculd be considerably smaller. Hence the
branching ratio is likely to be somewhere between 10~3 < R < 1 with a moderately
strong dependence on binding energy of the H relative to 2 A's. The actual
experiment as designed produces a rate for detection of the neutron associated
with H production of r = 5.3 R (hr"1 10s K+ sec"1) or a range of rates
5.3 < rn < 5.3 x 10~

3 (hr~* 106 K+ sec). The proposed LAMPF II beam at 1.8 GeV
would permit the rate to be increased 300 fold over the rate proposed for a new
line at an enhanced AGS. Hence the LAMPF II ratio would be in the range
1600 < r < 1.6 h"1. Should the H be found to be a stable object, its lifetime
against decay into A + n should be the order of 10~10 s. This is a very long
time on the scale of strong interactions; hence, it should be most informative
to study H formation in nuclei either by S~ capture or directly via the (K+,K~)
reaction. The larger size and relatively weaker binding of the H should make it
especially susceptible to nuclear-medium effects. LAMPF II will be an ideal
facility to conduct such studies.

atomLa to

n+E

DC DC

K

n Detector Large-angle
5% resolution
Spectrometer

Aerogel
Cherenkov

kK+

Figure 2.1.1-1. Schematic of the apparatus (BNL 85) to be used to search for a
stable S = -2 dibaryon.
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Figure 2.1.1-2. Calculated branching ratio R (Ae 83) for (2d)at -» H + n. The
dashed line uses an alternative interaction to illustrate the model dependence.
BH is the H binding energy relative to two A's.

S = -1 Dibaryons. Model calculations identify three IJ channels of
interest for S = -1 dibaryon formation. The MIT bag model predicts two I = 1/2
resonances, D OP-^) and Dt(

3Pj), lying below NAn threshold. These states can be
characterized as two colored sub-clusters, located at the two ends of a
stretched, rotating bag. The angular momentum barrier suppresses quark
rearrangement, making these states narrow if they lie below pion threshold.
Corrections to the bag model, however, tend to raise the predicted masses of
dibaryon states, so that the Dg t may well lie above threshold and, therefore,
have typical hadronic widths. In'this case, production signals from experiments
feasible at current facilities, which are marginal even if Dg t are narrow, will
become overwhelmed by quasi-elastic background. Tagged hyper6ns, such as those
which would be available at LAMPF II, are required in this context.

The situation for negative parity S = -1 single cluster dibaryons, i.e.,.
N Y etc. bound states, has not been investigated but could easily be using
QCD-like potential models. Results on favorable channels of this type should
become available in the near future.

The third channel known to be of interest, at present, is the IJ = 1/2 3+

state. It is predicted to lie well below AE threshold, both in the bag model
and the QCD-like potential models. This prediction, in the latter case, depends
only on those features of the model responsible for short-range NN interactions,
in our current understanding of the quark origin of these effects. Two baryon
decays of such a high spin state are suppressed because of the weakness of quark
tensor forces. The state is, therefore, expected to have small elasticity and a
typical hadronic width. Unfortunately estimates for production cross sections
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and backgrounds are not presently available, but signal to background ratios are
unlikely to be favorable in experiments possible at present facilities.
LAMPF II tagged hyperons would, again, make searches for such a state feasible,
and provide not only important information on exotic structures in QCD but also
significant tests of our understanding of the role of quark forces in the NN
interaction.

2.1.2 Quarkless Hadrons. As was discussed in the introduction to this
section, nucleons and pions evidence a large gluonic content (~50%) when
examined at a momentum scale of several GeV/c. The combination of asymptotic
freedom and the requirements of color confinement seem to lead inescapably to
the concept of multigluon resonances. In contrast to the glue that appears in
the nucleon, a true glueball contains valence glue, i.e., it should carry the
bulk of the momentum at moderate Q2. Of course, it may be the case that valence
gluons only serve to add gluonic degrees of freedom to quark matter. However,
the failure to find gluonic matter would provide a real surprise for many
theoretical physicists. The possibility of glueballs was first suggested by
Fritzsch and Gell-Mann (Fr 72) well over a decade ago. While there has been a
great deal of experimental effort and several strong claims, there exists no
compelling evidence for the existence of gluonic matter. The existence of
glueballs is thus a major untested prediction of QCD.

The spectral ordering in terms of JnC of gluonia (gg) is listed in
Table 2.1.2-1 along with the allowed values of Jnc of (qq) systems with I = 0
and S = 0. Low-lying states having values of J not found in the qq spectrum
are termed odd balls. For the (gg) system the low-lying odd balls are
jiic _ ±-+f while for (ggg) they are J

rtC = 0+~, 2+~, and 0". There are no such
states listed in the 1984 Review of Particle Properties.

TABLE 2.1.2-1

ALLOWED QUANTUM NUMBERS FOR GLUONIA AND I = 0, S = 0 qq STATES

gg qq

JnC 2S+1, JnC

0 hw 0++, 2 + + iSQ

1 hw 0~+, I"1", 2~+ 3Sl

2 hw 2++, 0++, ..., 4 + + iPj

3 hw ... 3 P Q

3pl

1D2
1 "

2™

3"
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Turning briefly to predicted masses for gluonia, there are three distinct
model-dependent approaches. These calculations agree that the lowest state has
jiiu _ Q+* w l t h Q-+^ 2

++, and 1~+ appearing as low-lying states. There is no
detailed agreement among these calculations, thus they are only quantitative
guidelines. Lattice-gauge calculations have been actively pursued by many
theoretical groups. However, while the method may ultimately yield accurate
results, the calculations to date are of limited accuracy. As an example, the
lattice-gauge calculation of Berg and Belloire (Fi 84) yields
M(0++) = 0.75 GeV/c2, M(2++) = 1.73 GeV/c2, M(0~+) = 2.18 GeV/c2, and M(l~+) =
2.4 GeV/c2. The technique employed is a Monte Carlo variation conducted on a
finite lattice. Only their results for M(0++) scale properly. Thus these
results only serve to give one a very rough idea of where to search for gluonic
resonances.

From the results of a number of experiments it is clear that glueballs will
coexist with a vast collection of qq meson nonets in the same mass range
(-1-3 GeV). Therefore, one must use special techniques to find them.

• Pattern recognition of a nonet-glueball decuplet—In this brute force
method, one looks for a qq nonet with an extra singlet, a glueball with the
same quantum numbers. If it is near enough to the singlets in the nonet it
will mix with them giving Nonet + Glueball -» Decuplet, with characteristic
mixing and splitting (and have other special characteristics of glueballs).
The Jnc = 0+*, gs(1240) is a glueball candidate of this type. This would
make a 0++ decupltt with apparently the right characteristics. Of course,
one must realize that there are many other possible explanations for these
states and other candidates of this type, such as the G(1590). A great
deal of high statistics and precision work in many channels would have to
be undertaken to have any chance of success with this method.

• A channel enriched in gluons—The radiative decay of J/ty proceeds largely
through a 2-gluon intermediate state. The process is sequential via the
photon to take one to the gluonic resonance. Hence, J/\J/ •* y (gg) with
(gg) -> hadrons. The i(1440), J710 = 0~+, seen at SLAC, is an example of a
glueball candidate observed in such a process.

• The decay property of a particular resonance may reveal a large gluonic
component. The flavorless character of glue may have it preferentially
decay into an li or X\'.

• Search OZI (Ok 63, Zw 64, Ii 66) suppressed channels having a variable mass
for hadrons involving only new flavors of quarks. This concept is shown in
Fig. 2.1.2-1. The existence of a glueball intermediate state breaks down
the OZI suppression at the mass where it exists and dominates the channel.

Table 2.1.2-II lists the observed I = 0 = S meson-like states grouped
according to J and energy. Most of these states are to be found in the
1984 Review of Particle Properties except for 0++, G(1590 MeV) which was
observed by the IHEP-IIAN-LANL-LAPP collaboration (Bi 83, Bi 84b) using the
GAMS-2000 spectrometer to view n~p -> nrity • The three 2 + + states at 2120, 2220,
and 2360 MeV replace a pair of 2 + + states at 2150 and 2240 GeV. The three 2 + +

states are in a K-matrix, partial-wave analysis of the n~p -» n<J><f> reaction
observed at the AGS (Li 83). It would be out of place to discuss in detail each
of the possible glueball candidates from the Table 2.1.2-II. The situation was
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tr - p

Figure 2.1.2-1. The hypothetical J n C = 2 + + glueball intermediate state in
n~p -> $$n. The dash-dot lines with Crosshatch lines region indicate
hadronization into $4> by an unknown mechanism.

TABLE 2.1.2-II

OBSERVED RESONANCES IN I = 0, S = 0 SYSTEMS

s
g s
e
G
S'

n
i '
S T '
i

(980)
(1240)
(1300)
(1590)
(1730)

(530)
(960)

(1275)
(1440)

f (1270)
f (1525)
9 (1720)
f " (1810)
g r (2150)
gi (2220)
g T (2360)

very ably summarized at a recent international conference by Clemens Heutsch
(He 85b) who said:

(1) There is no gold-plated gluonium candidate at this time.

(2) There is an almost total lack of coincident information on the top
candidates from hadron-induced vs. gg decay-product gluonium candidates.
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(3) Evidence that the n/, i, 9, and e contain new degrees of freedom is
impressive.

(4) There is an urgent need to clarify the low-mass n+n" spectrum for
possible evidence of the scalar gluonium.

(5) An unraveling of the complex phenomenology in the KKn and n.Jin channels
may do much to shed light on the gluonium question.

(6) Only high-statistics, systematically optimized experiments are likely to
improve the presently unsatisfactory evidence.

The stakes are certainly high enough to warrant major efforts. Only
the hard-scattering aspects of QCD have met with full experimental
confirmation — here is a crucial place where QCD applied to "soft"
phenomena can prove its mettle."

Thus there appears to be no generally acceptable evidence for glueballs.
It is however instructive to discuss the three new J = 2 + + states cited above
as they provide an example of hadronic process that can reveal gluonia. This is
the type of physics research that could bs pursued much more effectively at
LAMPF II than at any existing facility.

The reaction employed is n~p -* n,<j><|> -> f|K+K~K+IC Figure 2.1.2-1 shows how
the H can be regarded as formed via resonances via the gluonic resonance.
Figure 2.1.2-2 shows the enhancement in a most dramatic fashion. Figure 2.1.2-3
shows details of the yield in the region of enhancement along with a K matrix
fit. The fit requires three resonances, all with JnC = 2 + + at masses 2120,
2220, and 2360 ± 20 MeV. All three J = 2 resonances appear as strongly mixed
combinations of spin and orbital angular momentum, (S = 2, L = 0), (S = 2,
L = 2), and (S = 0, L = 2), respectively. It is certainly remarkable to have
these three 2 + + states within 250 MeV. The reason for believing that this
process reveals the presence of glueballs is that at least two gluons are
required to produce the M system, which would normally be suppressed; however,
the fact that one sees a large resonance in <M at these energies is attributed
to a strong resonance (glueball) in the gluonic channel.

The glueball resonance hypothesis explains these data naturally within the
context of QCD, other published alternatives have been called into question
(Li 85) and do not fit the data. Thus if the present basic ideas of QCD are
correct, it is quite likely that one to three J = 2 + + glueball(s) been
discovered.

This makes the case for a continued systematic study of these 2 + objects
very strong. The n~p -* <j>4>n experiment at present has TAA ~ 8 MeV. The
statistics of ~4,000 events require a partial wave analysis in 50 MeV bins.

Thus, at least an order of magnitude increase in statistics in this
experiment is indicated. One might then see evidence for other glueballs
including those with exotic JnC. Even two orders of magnitude increase in
statistics would be desirable because of the unusual nature of this channel.

It is evident that the "meson" spectrum from 1 to 3 GeV is a rich region to
test the nonperturbative content of QCD. A variety of new objects, gg, qqg, and
qqqq as well as the more conventional qq should be uncovered. Disentangling
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Figure 2.1.2-2. Observed distribution of the effective mass of
which the other K+K~ pair carried the $ mass (nu = 1.05 GeV, I± =
reaction is H~p -> K+K~K+K~n (Li 84). v w
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these possibilities will require high-statistic studies with a variety of
incident particle types. In addition to requiring an accelerator with LAMPF II
specifications, state-of-the-art detector systems, fast triggers, data
acquisition systems as well as powerful off-line data analysis will be required.
However, without this attack, the applicability of QCD to the hadronic regime
will remain only a speculation.
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Figure 2.1.2-3. The three JpC = 2 + + partial waves at production in 50 MeV mass
bins (except at ends). Jz = 0 in the Gottfried-Jackson frame and the exchange
naturality is (-) corresponding to pion exchange for all three waves.
smooth curves are derived from a three-pole K-matrix fit (Et 86).

The

2.2 Nuclear Medium Effects
Deep-inelastic lepton scattering has provided convincing evidence that the

quark momentum distributions of nucleons bound in nuclei differ in a small but
significant way from those of free nucleons (Au 83). Figure 2.2-1 shows the
ratio of the ?2 structure functions per nucleon for Fe and 2H from two
experimental investigations. The data are in accord with the depletion of Fo
for the heavy target in the region x > 0.4 but debate still surrounds the "EMC"
enhancement in the region x <0.3.

Current models of the EMC effect may be grouped roughly into four
categories. They are:

1. Rescaling - This interpretation (Cl 83), based on general principles of
QCD, states that the EMC data are consistent with an increase in the
confinement radius of the nucleon in the nuclear medium. How this occurs
is not specified by the model.

2. Quark Clusters - Here one argues that the extended nucleon size and the
relatively high density of nuclear matter lead to an appreciable multiquark
clustering inside the nucleus (Ca 83, Va 84).
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Figure 2.2-1. The A-corrected ratio of Fo structure functions from the EMC
collaboration (Au 83) and from SLAC (Bo 83) as a function of the scaling
variable X.

3. Local Color Deconfinement - In these models the QCD color
absolutely confined inside the individual nucleons (Pi 84).

field is not

4. Enhanced Pion Field and Binding - In this approach the EMC effect arises
from a nuclear many-body enhancement due to a slight excess in the number
of pions surrounding the average nucleon in a nucleus (LI 83, Er 83,
Be 84a, Be 85, Bi 84). This results in a new source of antiquaries.

Clearly the EMC effect has broadened the perspective of nuclear physics.
At present the spectrum of possible explanations ranges from the exotic (No. 3)
to the very traditional (No. 4). Without experimental information beyond
inclusive deep-inelastic lepton scattering the effect of the nuclear medium on
quark, confinement cannot be properly assessed.

This section describes a highly varied attack on the question of how the
nuclear medium affects confinement. First in Sect. 2.2.1 we outline a general
program of high-energy hadronic reactions which bear directly on the change of
parton distribution functions between free and bound nucleons. The
comparatively high energies of LAMPF II beams are essential in reaching the
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domain where perturbative QCD or models based on it may be applied to these
reactions. The Drell-Yan process utilizes the veil established quark-antiquark
annihilation reaction to directly investigate the distribution of antiquarks in
nuclei with far greater precision than can be obtained from neutrino and
antineutrino measurements. More exclusive reactions using a DY trigger can
focus on J/iJ/ production as a means of exploring the gluonic structure function
in nuclear systems. Additionally the A dependence high p̂ . hadron production
will focus on aspects of parton structure and hadronization specifically
associated with nuclei.

Hypernuclei (Sect. 2.2.2) are a nearly ideal means for investigating the
effects of the nuclear medium on quark confinement. Here a strange quark is
introduced via strangeness-exchange reactions. The resulting nuclei may be best
described as lambda or sigma hypernuclei with extensions of traditional
shell-model in terms of baryon meson degrees of freedom. However if the nuclear
medium provides a large effect, resulting in a partial deconfinement of the
hyperon's strange quark, the hypernucleus may more properly be thought of as a
strange-quark nucleus. Thus the strange quark is truly a "test change" by which
one gauges the response of the system. Precision studies of the energy levels
(yielding, among other things, effective Y-N interaction strengths),
electromagnetic moments and decay rates will help reveal the extent to which the
strange quark is deconfined in nuclear matter.

Section 2.2.3, K+-nucleus scattering, and Sect. 2.2.4, pion double charge
exchange, aim at much the same physics as described above, but with very
different theoretical vievs and experimental methods. The K+-N interaction is
the most promising system in which to apply quark-model ideas directly to
meson-baryon scattering. The valence us configuration of the K+ leads to an
absence of normal (qq) resonances with nucleons and results in a tractable
description of the interaction in terms of a small number of quark/gluon
exchange diagrams. The weakness of the K+-N interaction, moreover, results in a
rapid convergence of the multiple scattering series which is used to describe
the K+-nucleus system. Hence with a quark basis for the fundamental interaction
and a highly accurate K+-nucleus scattering theory one may well be in a position
to study the distributions of quarks in nuclei from quite a different
perspective.

Pion interactions in nuclei are of considerable interest in the
double-charge exchange process. Here one has the sure knowledge that at least
two interactions between the projectile and the nuclear medium must occur.
Again one has a spectrum of possible mechanisms ranging from quark clusters to
meson effects that must be considered. By changing the kinematic conditions
under which the reaction occurs, the relative separation of the two interaction
regions may be carried out. This will permit nuclear interactions to be probed
at distances corresponding to the hadronic confinement scale.

Finally Sect. 7.2.5 examines one method of heating nuclear matter to high
temperatures. Lattice QCD calculations predict that under such conditions
normal matter will undergo a transition to a quark-gluon plasma in which
individual nucleons lose their identity; the transition is expected to have a
zero-density intercept around 180 MeV. The zero-temperature intercept is much
less certain, with predictions ranging from ~3 times normal nuclear-matter
density to 10-20 times normal density. Colliding heavy-ion beams have been
suggested as a method for achieving the conditions necessary for the formation
of the postulated plasma. A complementary method of achieving extreme
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conditions is the annihilation of antiprotons in nuclei. The release of energy
in the form of a number of pions rapidly heats a small volume of nuclear matter.
This heat gradually spreads to the rest of the nucleus, cooling the hot region
originally formed.

2.2.1 Extensions of the EMC Effect. The EMC effect has had a profound
effect on our thinking about possible modification of quark confinement in
nuclear systems. The philosophy of this and other more recent deep-inelastic
lepton scattering experiments is simple and elegant—measure quark structure
functions for free nucleons (or almost free) and nucleons bound in nuclei under
identical experimental conditions. Small changes in the nucleon's quark
structure in the nuclear-matter environment may thus be observed.

The method employed in deep-inelastic lepton scattering experiments can be
regarded as a model for an important class of experiments which can only be
carried out at a high-energy hadron facility. Here one looks for small
differences in the scattering of hadronic beam and target constituents when the
target is changed from free to bound nucleons. We discuss three general areas
of investigation: quark structure via the Drell-Yan (Dr 70) process, gluonic
structure, and high pT hadron production. Significant advantages of a high
intensity hadron facility for such studies include the variety of beams
available and comparatively clean experimental conditions achievable by use of
high-intensity beams and thin targets. The ability to choose and vary the quark
flavor of the beam as well as the quark, antiquark, and gluon content yields an
experimental program which is complementary to deep-inelastic lepton scattering.

The interpretation of constituent scattering in terms of nuclear
modifications of quark and gluon structure must rely on an accurate
understanding of the initial-state interaction effects on the beam constituents
prior to the scattering event. Present theoretical understanding of these
issues range from excellent in the case of Drell-Yan to uncertain for the latter
two. In these areas one must see "reaction mechanism" investigations as part of
the "nuclear structure" program (Bo 81a, Co 86).

The Drell-Yan Process. The Drell-Yan process occurs when a beam quark
(antiquark) and a target antiquark (quark) annihilate to form a virtual photon
which subsequently decays into a dilepton pair. As can be seen in Fig. 2.2.1-1,
it bears a simple space-time relation to deep-inelastic lepton scattering and
e+e~ annihilation. The cross section for the Drell-Yan process in the
quark-parton model is

K4HO2
Ze|[qf(xB)qf(xT) + qf(xB)qf(xT)]| , (2.2-1)

where Xg and xT are respectively the longitudinal momentum fractions of the
quarks in the projectile and target. The sum is over the flavor, f, of the
annihilating pair. Equation 2.2-1 has obvious potential for studying the flavor
specific quark (qT) and antiquark (qT) distributions in the target nucleons.
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Figure 2.2.1-1. Feynman diagrams for three processes with a single intermediate
photon: (a) the Drell-Yan process, (b) e e~ annihilation into hadrons, and
(c) deep-inelastic lepton scattering.

Although the Drell-Yan process has been extensively investigated for many
years, the data are generally of insufficient quality to bear on changes in
quark structure in nuclear matter. Significantly, a number of issues have been
resolved recently which greatly improve the prospects of investigating nuclear
quark distributions. It is now clear, for example, that QCD (soft-gluon)
corrections (Al 85) to the qq vertex largely eliminate the need for the
arbitrary normalization factor, K = 2, which had previously been associated with
Drell-Yan cross sections. Additionally the distribution of transverse momenta
of the virtual photons, previously considered to be anomalously large, now seems
well described by the QCD-based calculations (Al 85). In fact when the
appropriate average is taken over transverse momentum, and one employs QCD
evolved structure functions, i.e.,

q(x) -> q(x,Q2) ,

the factorized form of the Drell-Yan cross section (Eq. 2.2-1) is still
approximately valid.
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One may still be wary of employing Eq. 2.2-1 for complex nuclei where the
beam quark may penetrate a considerable thickness of nuclear matter. Again
Drell-Yan passes the test. Because of the finite time required for changes to
take place in the incident hadrons wave function the annihilation occurs in much
the same way as between free hadrons. Quantitative consideration of this effect
leads to the relation (Co 86)

Q2 > (1 GeV2)xTA1/3

Since Q2 = M2 in the Drell-Yan process, the usual requirement
region dominated by vector meson resonances, M > 4 GeV» means
satisfy this inequality.

to be free of the
that all nuclei

<a> = 1.007 + 0.018 + 0.028
0.2 -

5 6 7 8 9

Mass (GeV)
10 II

Figure 2.2.1-2. A-dependence of dimuon production from 400 GeV protons on Pt
and Be targets (It 81).
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Experimental evidence (Fig. 2.2.1-2), showing a linear dependence of the DY
cross section with atomic number (It 81), gives strong support to these ideas.

Proton Induced Drell-Yan Production. Protons offer great potential for
nuclear DY studies because their quark distribution functions are well known
from deep-inelastic lepton scattering. Furthermore because of the high beam
quality and high intensity of the direct proton beam cleaner production
environments may be achieved using thin targets rather than the
interaction-length targets commonly employed in such experiments; thin target
configurations also have great potential in more exclusive experiments in which
hadrons or photons may be sought in conjunction with a Drell-Yan trigger.

The application of proton-induced DY which has caused most recent
excitement is the possibility of measuring the nuclear antiquark distribution.
The method by which this is accomplished is readily understood from the
structure of the q(x) and q(x) for a nucleon (Fig. 2.2.1-3). By choosing
kinematic conditions such that x^ » x^, one may ensure that only the first term
in brackets of Eq. 2.2-1 contributes significantly to the cross section; i.e.,
one measures the antiquark distribution of the target as a function of xT.
Because up quarks are more numerous in the proton, and due to its larger charge,
the ratio of DY production on a heavy target to that on free nucleons is
approximately (Be 85)

_PA uA(xT)
R = ° - __—_ . (2.2-2)

a P N QN(xT)

The potential of LAMPF II for studying the antiquark sea may be seen in
Fig. 2.2.1-4. The curves are calculations of two models, one based on
enhancement of the pion field in nuclei (Be 85), one based on rescaling
arguments (Cl 83), which give reasonable account of the EMC effect. They
achieve this agreement however by assigning vastly different fractions of the
nucleons momentum distribution to the valence and sea quark distributions.
Specifically in the pion excess model the antiquark distribution associated with
pions extend out to much higher momenta than in the free case.

Also shown in Fig. 2.2.1-4 are the current deep-inelastic neutrino
scattering measurements of R=. The dashed and solid points along the R = 0 line
are hypothetical errors based on a LAMPF II experiment using 45 GeV protons. It
is clear that LAMPF II possesses significant advantages for exploring the high
x-T. region. This arises because ff(Xg,Xm) * 1/s. Thus as long as the requirement
to be in the DY region is met, specifically M > 4 GeV, the lowest feasible beam
energy is favored for high xT studies (Fig. 2.2.1-5).

Drell-Yan Induced by Antiprotons and Pions. LAMPF II secondary beams also
have potential for DY studies. The" valence antiquark content of pions and
antiprotons makes both terms of Eq. 2.2-1 dominant for most of the kinematic
range. This leads to large sensitivity to the nuclear valence quark
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Figure 2.2.1-3. Quark, and antiquark, distribution functions for the proton
derived from deep-inelastic lepton scattering.

distribution and hence to the expectation that the R for these processes will be
similar to the EMC effect (Be 85).

K"1" Induced DY and the Strange Quark Sea of Nuclei. Current knowledge of
the strange quark sea of the nucleon comes from studies of charm production in
deep-inelastic neutrino (and antineutrino) scattering (Ab 82). The quark-lepton
processes involved are:

+ d -> u~ + c

and

vy + s -» y~ + c ,

followed by the decay
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Figure 2.2.1-4. The antiquark ratio of Eq. 2.2-2 (for iron and deuterium cross
sections). The three points to the left are derived from v and v measurements
of the Fo structure function. The points at R = 1 are the estimated errors
obtainable in a LAMPF II experiment assuming: (A) 1013 protons/sec on a 102J
interaction-length target, (B) four months of running time, (C) a 102
spectrometer acceptance. The curves are predictions based on two models of the
EMC effect described in (Be 85a).

c -> s + + v..
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Figure 2.2.1-5. The region of the target (x«) antiquark distribution accessible
in a proton induced Drell-Yan experiment. The contours of mass, M = 4 GeV, shv
the lover limit assumed for the "safe" Drell-Yan production region (area to the
left of the contours is forbidden) for two beam energies. The cross hatched
area indicates the region where beam-quark, target antiquark annihilation
dominates. At a given mass, say 4 GeV, the cross section at 45 Gev is much
larger than at 800 GeV because of the 1/s factor.

(similarly for v reactions). Interpretation involves the application of the
standard semi-leptonic model (Ko 73) to the above processes. Present analysis
yields

2s = 0.52 + 0.09
(0 + a)

This shows that the strange sea is only about half as abundant as the up and
down sea, presumably due to the larger mass of the s quark.

Positive kaons offer exciting potential for DY studies of the effect of the
nuclear medium on the strange quark sea. Whereas the u component of the K"(su)
can annihilate with u valence quarks, only sea-quark annihilation is possible
with a K+(su).
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Prerequisites for such experiments are the development of a high-purity K+

beam with E > 30 GeV (Chapt. 5) and a significant improvement in present
knowledge of the K+ structure function — employing the DY reaction on a proton
target. The latter measurement is very important in its own right, since the
heavier mass of the strange quark should have a significant effect on the
valence quark distribution in both the K+ and K~ compared with pions.
Preliminary evidence from the NA3 group (Ba 80) shows, based on 700 u pairs from
K~, that the 0 in the K~ carries less momentum than the u in the n~, in
qualitative accord with the strange quark mass effect.

Exclusive Processes with a DY Trigger. The DY reaction has to date been
studied only as an inclusive process. With the clean conditions achievable with
a high-intensity proton beam on a thin production target more exclusive channels
could be studied. For example, using DY dimuons as a trigger one could examine
the nuclear dependence of the hadronization of the remaining target
constituents. Although detailed model predictions of such processes are not
available, one can envision rather specific qualitative features of, for
example, the excess pion model where one valence quark is left behind to
fragment. Other studies might focus on the influence of the nuclear environment
on, for example, the production of strangeness in kaon induced DY reactions.

Fragmentation studies in deep-inelastic lepton scattering have been
performed but not with a view towards nuclear confinement; future experiments
with nuclear targets are planned however (Fn 81). It is likely that the DY
process with its rich variety of incident quark flavors could provide important
complementary information in this area.

Gluonic Structure of Nuclei. Gluons are an essential but elusive component
of QCTh Experimentally oni "sees" them most clearly in three-jet events in
collider experiments and in scaling violations in deep-inelastic lepton
scattering. One knows that roughly half the momentum of the nucleon's
constituents resides in glue. In nuclear systems we do not know whether there
is an EMC effect involving the gluonic part of the nucleon wave function.

There is however hope for increasing our knowledge of the glue field and
its relevance in nuclear physics via experiments which produce the J/t|/
resonance. It is now thought likely that hadronic production of the J/i|»
initially involves gluon-gluon collisions (Ba 85a). The most dramatic evidence
of this is the observation that the J/ty is produced with nearly equal cross
sections in both p and p and n+ and n~ reactions. Hence quark and antiquark
content of the beam seems immaterial.

The diagrams believed dominant in the production process are shown in
Fig. 2.2.1-6- C-parity requires the production of an n on X state of charmonium
initially by two-gluon fusion (Fig. 2.2.1-6a). This state then decays by gamma
emission to the J/\J/. The gluonic structure function can be measured directly
via the processes

p + A -» X + X

+ Y



3. STRONG INTERACTION PHYSICS 3.-27 April 1986

i.e., the DY trigger signature of J/> formation in coincidence with the X •*
decay gamma ray. Again the specific nuclear gluonic effects are observed in a
measurement of the anomalous A dependence of the process, ideally with reference
to a deuterium target.

Present evidence from 200 GeV n~ production of charmonium states suggests
that roughly 30% of the J/+ is produced through X states. The remainder
presumably involving process (b) and other diagrams involving quarks as well as
gluons. Calculations (Ba 85a) indicate that diagram (a) (Fig. 2.2.1-6) should
increase relative to (b) as the primary hadron energy is lowered.

,u>(3S,)

Figure 2.2.1-6. Three diagrams involving the gluon distribution of the beam
and/or target hadron.
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Gluonic bremstrahlung (c) has also been suggested as a means of observing
nuclear gluonic effects. The radiated photon is either observed directly or as
a DY dimuon pair in its off-shell manifestation. In either case the most
favorable situation for the dominance of this diagram is at high p^ with a
consequent very small cross section.

It is clear that experiments relating to the gluonic structure functions of
nuclei are even more difficult than quark structure studies using the DY
process. Small cross sections and the necessity of observing less penetrating
radiation such as photons put a premium on high primary beam intensity and thin
targets.

High pm Hadron Production. Purely hadronic processes with high p,j.
particles in the final state also have potential for elucidating the parton
structure of nuclei. Here at sufficiently high pT (critical value unknown) the
processes are perturbative quark-quark, quark-gluon, and gluon-gluon scattering
followed by parton-fragmentation into hadrons.

Although many issues connected with the penetration of nuclei by energetic
hadrons are still under debate (Hw 84, Bu 84), it is clear for high-p.p particle
production that a coherent wave of hadronic matter penetrates to the center of
even the heaviest nuclei. The A dependence of the hadron-nucleus cross section
is commonly written as <TL. « Aa. For small p™ processes, a is near 2/3, the
expected value characteristic of nuclear-surface dominance due to strong
absorption. Beginning at values of p>j > 2 GeV/c, a climbs toward unity,
indicating the absence of shadowing. For even larger pT a rises significantly
above unity. The anomalous A dependence exemplified by the Cronin effect
(Cr 75) preceded the EMC effect by some years and yet did not raise many
eyebrows in the nuclear physics world. Recently, Baldin (Ba 84) has proposed a
model for high p̂ . pion production from proton beams on nuclei that produces a
ratio of "structure functions" which is very reminiscent of the EMC effect.

Although a number of details of Baldin's analysis need further
investigation, the richness of possible hadronic reactions invites imaginative
experimentation to test the detail*- of this and other models. Concentration on
the highest p™ processes possible appears to be the best possibility for
achieving conditions where perturbative QCD may offer theoretical guidance.
This fact alone argues for the highest possible primary beam intensities.

2.2.2 Hypernuclei. The study of hypernuclei is our avenue for exploring
the consequences of depositing a strange (s) quark in a sea of nonstrange (u and
d) quarks which are confined within the finite volume of a nucleus. The use of
a "tagged" quark gives us a new tool with which to investigate how confinement
in the nuclear medium. Are there properties of these intriguing (nonzero
strangeness) nuclear systems which require a quark description, for which even a
sophisticated hyperon-nucleon based calculation is demonstrably inadequate?

Beyond the search for the "H" and possible S = -1 dibaryons and the
investigation of the fundamental hyperon-nucleon (YN) interaction, there are
four areas of hypernuclear research which warrant special attention in our
pursuit of the cr^finement mechanism: (1) the spin-orbit interaction of
hyperons; (2) the "jmalous binding of A-hypernuclei; (3) the nonmesonic weak
decay of A-hyperr ei; and (4) the narrow widths of Z-hypernuclei.
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Hyperon Spin-Orbit Interaction. The most exciting feature of the (K~,JT)
reaction studies leading to p-shell A-hypernuclei was the discovery that the
mean-field spin-orbit interaction of a A in the nucleus is very small (<2 MeV
compared to 6 MeV for a nucleon) (Bo 79). A simple QCD quark-gluon interchange
model (Fig. 2.2.2-1) in which the A and N can exchange only light quarks
predicted the AN spin-orbit force to be identically zero (Pi 79).
Unfortunately, it was shown that the one-boson-exchange potential model
(Fig. 2.2.2-2) and the meson mean-field approach to baryon-baryon scattering
also yield a small (nonzero) value for the AN spin-orbit interaction in
comparison with that of the NN system (Do 82a). Nonetheless, because of the
strong spin-spin nature of the QCD quark-quark interaction and because the NN
spin-orbit interaction is of shorter range than either the central or tensor
components, the hypernuclear spin-orbit force is still viewed as a possible
means of investigating quark-gluon degrees of freedom in nuclei. Detailed quark
cluster model calculations for the spin-orbit strengths of the NN, AN, £N, and
2N systems yield ratios of (Mo 84)

VNN. VAN. VZN. VHN _ 1: _2: 1.5:

where the NN value is normalized to 1. Comparing with the simple quark-gluon
interchange model predictions of (Pi 79, Pi 82)

1. 0, *. -

A u

d

u

p u

d

Figure 2.2.2-1. Quark-gluon exchange diagram in the quark interchange model of
the A-p interaction; dashed line indicates the exchange of a dressed gluon.
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N A

N A

N N

N A

Figure 2.2.2-2. Meson exchange contributions to the AN interaction in the one-
boson-exchange model.

ve see that details of the model may not be so important. However, both of
these predictions for the free space spin-orbit interactions are significantly
different from the one-boson-exchange model predictions (Do 82a):

1: 0.2: 0.4: 0.15

The alternative mean field approach (which in certain limits can be made to
yield results identical to the additive quark interchange model) predicts a
similar set of strengths (Bo 81b):

1: 0.2: 0.5: 0.05

Thus, the quark, model predictions for EN and SN spin-orbit interaction strengths
differ measurably from those of the more traditional approach to nuclear physics
in terms of baryon-baryon interactions.

Because we can extract information from bound systems much more easily than
we can make definitive hyperon-nucleon scattering measurements, systematic
studies of E- and S-hypernuclei offer the best means of checking these
intriguing spin-orbit interaction predictions. It was just such a study which
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first shoved the A spin-orbit interaction to be small. However, a nuclear
measurement provides information about the mean-field strength, so that care is
needed in interpretation. As an example of the difference between the
projectile-nucleus spin-orbit size and the two body interaction spin-orbit
strength, we quote the baryon-nucleus spin-orbit strength ratios for the quark
cluster model (Mo 84)

UN: UA: UZ = 1: 0.2: 0.6 .

The value for U is considerably reduced compared to the V value quoted above
for the same quark cluster model. Thus, interpretation of hyperon-nucleus
spin-orbit effects is not trivial. It is clear, however, that a systematic
investigation of the Z-hypernuclei and the 3-hypernuclei spin-orbit interactions
can shed real light on the correct picture of hadron interactions. Beams with
the intensities envisioned for LAMPF II will be required for such studies.

Anomalous Binding of A-Hypernuclei. Bag model practitioners argue
forcefully that some 5% of the nucleon-nucleon wave function (probability)
within a nucleus (that corresponding to center-to-center separations of less
than 1 fm) must be described by a 6-quark bag structure (Mi 84b). A similar
estimate must hold for the hyperon-nucleon interaction. Modifications of the
structure of nuclear bound states due to the 6-quark bag character of the
short-range part of the baryon-baryon interaction should be especially visible
in hypernuclei, where one has a "tagged" quark or baryon with which to work.
Percolation of the identifiable s quark through nuclear matter should lead to
model predictions which differ measurably from those in which the A is a
distinguishable, elementary baryon. There are several suggestive puzzles in the
existing hypernuclear data. Charge symmetry breaking in mirror nuclei, for
which there has been offered an explanation in terms of the u and d mass
differences (Wi 85) is magnified in A-hypernuclei: ABpgg(3H-3He) = 120 keV
compared to ABQgg(^He-^H) = 360 keV. The binding energy of ^He is anomalously
small compared to estimates of simple model calculations based upon AN
interactions parameterized to account for the low-energy scattering data: such
oaryon models overbind the A = 5 ground state by 2-3 MeV. Quark model
explanations have been offered (Hu 84 and Go 85) as have conventional baryon
model proposals such as suppression of AN-EN coupling and/or tensor force
effects (Gi 85c). Choosing among the alternatives is difficult because of the
paucity of data. Systematic studies as a function of mass are needed to rule
out models tailored to a single measurement. Only a thorough, systematic
investigation characteristic of nuclear physics will test such ideas as whether
the A in heavy hypernuclei is a distinguishable, elementary baryon that slips
into a Is shell orbital or whether the s quark of the A is spread over many
orbitals or even forced to the surface by the Pauli exclusion principle. Is
confinement absolute?

Nonmesonic Weak A Decay. The weak interaction is of very short range.
Thus, one expects to be able to expose the quark nature of the baryon-baryon
interaction through the investigation of the weak decay of the A in nuclear
matter. Indeed, Pauli blocking in a heavy system inhibits the A -> Nit free-space
decay mechanism. The dominant decay mode of such hypernuclei becomes that of
the nonmesonic AN -» NN transition. Meson-exchange model calculations confirm
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that the nonmesonic decay rate r is sensitive to the short range ANp coupling.
Thus, QCD effects should be important in the process. Calculations of rnm/r£r

in nuclear matter exist for both a meson-exchange (Fig. 2.2.2-3) and a quark
model (Fig. 2.2.2-4). The value of rnm/r£ree = 1 from the meson exchange model
(Me 84) is some three times larger than the prediction of I"nm̂ f̂ree "0.3 in the
quark model (Ch 83). However, a hybrid model (6-quark bag inside an interaction
distance of about 1 fm) yields a value of 2-4 (He 85). A recent BNL experiment
for 12

iC gives a measured value of rnm/rfree = 1.3 ± 0.2 (Ba 85b), which differs
significantly from the only other measurement (for A = 16) that yielded
rnn,

/rfreo = 3 + 1 (Ni 76). Clearly there is much experimental (and theoretical)
work to £fe done in this area, if we are to understand the weak decay process and
possible implications for QCD effects in nuclei. Systematics will be required
before definitive conclusions can be drawn about the relevance of any of the
proposed models for the properties of the four-Fermion we-.k amplitude.

Figure 2.2.2-3. Meson exchange diagram for nonmesonic weak lambda
decay: N + A -» N + n.
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Figure 2.2.2-4. Quark diagram for nonmesonic weak lambda decay; A + p •* n + p.
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Narrov Widths of E-Hypernuclei. The observation of surprisingly narrow
widths For E-hypernuclei in the (K~,ir-) reaction at 720 MeV/c has thrust this
area of hypernuclear physics to the forefront of the field (Po 82, Be 84c).
[Note that the (K~,n+) reaction uniquely creates E~-hypernuclei by converting
only protons to E~ hyperons.] A sizable width (20-30 MeV) due to strong EN -* AN
conversion had been anticipated (Ga 83). Instead, states with widths no larger
than the experimental resolution were discovered. Why should E-states be
narrow? Are there undiscovered selection rules that make special states
narrow? Are narrow widths characteristic of only the light nuclei studied to
date, or do they forecast a rich E-hypernuclei spectroscopy in heavier systems?

Alternative explanations have been proposed. Unstable "bound states in the
continuum" have been suggested (Ga 83). The EN -> AN transition width is
partially cancelled by the E escape width in this picture leading to narrow
E-states when the E orbit places it in the surface of the nucleus. Conversely,
because the EN -* AN conversion is dominated by the T = 1/2, 3Si EN channel, it
has been proposed that narrow E-states may depend upon spin-isospin factors
(Do 82b). Because nuclear cores of most hypernuclei are not spin-saturated,
suppression of the EN -> AN transition leading to narrow E-states would be very A
dependent. Furthermore, this suppression would be most pronounced in the
s-shell and p-shell hypernuclei, where spin-isospin saturated cores do not
account for such a large fraction of the nucleons. The narrowest E-width would
occur in the lightest E-hypernuclei, in particular for those with maximum spin.
The quark-gluon picture provides a different scenario. The s quark of the E
must exchange with the appropriate u or d quark of the nucleon in the EN -* AN
conversion to couple properly in a A configuration. Direct interchange of a
single quark does not lead to such a conversion; a quark rearrangement is
required. Thus, short range EN -» AN conversion due to quark exchange is
strongly quenched. The EN -* .AN conversion seen in the free interaction is the
result of a long range pion exchange process. Accordingly, EN -> AN conversion
is suppressed in the confines of a nucleus, where long range interactions are
less effective (c.f., the NN tensor force is much less effective in binding the
compact alpha particle than the deuteron). This quenching of tht E-width would
imply that a rich E-hypernucleus spectroscopy awaits our search.

2.2.3 The K+ as a Probe of Quark Degrees of Freedom in Nuclei. In order
to proceed to a more precise and microscopic view of the nucleus it is necessary
to have hadronic probes which are sensitive to specific degrees of freedom. The
"certification" of a given projectile can only arise from studies of its basic
interaction in the binary (projectile-nucleon) system, since our zero order view
of the nucleus must be in terms of a collection of nucleons. Studies of K+-N
scattering (section 3.3) below 900 MeV/c indicated that this system is best
described in terms of quark-gluon degrees-of-freedom. Since this scattering in
the binary system can be computed from the distribution of the "free" quarks in
the confined nucleon bubble, ignoring qq pairs, it provides us with an excellent
candidate for a probe of the location of quark components in a nuclear
environment.

The general problem of the investigation of quark-gluon microscopic degrees
of freedom is that we know, to a good approximation, that they are localized
within the bubbles of deconfinement which we associate with nucleons. Thus, an
excellent low-order approximation must be the scattering of any given probe from
A nucleons. While it is easy to recommend looking for deviations from this
picture, the actual calculation of the multiple scattering problem from first
principles is seldom tractable.
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In this regard the properties of the K+ are extremely valuable. The very
weak interaction in the s-wave channel, dominant below 900 MeV/c, leads to a
rapid convergence of the multiple scattering series — the first order
scattering gives 90% of the total cross section. The fact that double and
higher order scattering is small means that the off-shell t-matrix
(corresponding to the scattering from two closely spaced nucleons) plays only a
minor role. In any case, the fundamental interaction being relatively veil
understood, the off-shell behavior is less uncertain. As one proceeds through
the list of corrections provided by the well established multiple scattering
theory (binding corrections, excitation of virtual intermediate states,
sequential charge exchanges, etc.) the story is always the same, i.e., the
effects are not large because of the weakness of the interaction and they are
reliably calculable because the fundamental process is well understood.

The above arguments lead us to the position that an assumed range for a
local confinement region for the QCD degrees of freedom implies a given result
for K+-nucleus scattering. In this case deviations between experiment and
theory are best ascribed to modifications of the confinement structure of the
nucleon from that in free space (Si 85). We note that this type of "quark
probe" is a very special one and of potentially great value to nuclear physics.
Unlike deep-inelastic lepton scattering and/or the Drell-Yan process, since it
has a very small interaction with the pions in the nucleus, it is apparently
able to distinguish between the quarks contained in the 3-quark nucleon system
and those in the confined qq meson systems, allowing us to separate pion
exchange currents from QCD phenomena. This ability to distinguish between
different types of color singlet quark clusters, due to a combination of
coherent interactions and parity selection, make the K+ a very useful tool.

2.2.4 Pion Double Charge Exchange. The double charge exchange reaction
appeari to Be an excellent probe for studying short-range N-N dynamics and
deconfinement effects in nuclei. Its basic virtue is that the reaction must
involve at least two nucleons (or two quarks). Recent calculations, based on
quite different formulations of the scattering process indicate a sizable
contribution to double charge exchange at low energy (Tn <. 300 MeV) arising when
the two charge transfers occur in a localized region of the nucleus. A typical
value of the N-N correlation range that emerges from these studies is 1 fm.
This is close to the value of the rms matter radius of a free neutron or proton.
Thus if there are contributions to nuclear interactions arising from
deconfinement or some quark sharing mechanism the double charge exchange
reaction would appear to be probing these modifications at the right length
scale.

The evidence that double charge exchange reactions are driven largely by
short-range N-N dynamics comes from numerous studies. These studies use various
pictures of the dynamics: six-quark bags (Mi 84a), A-N interactions with
one-gluon exchange (Jo 84, Jo 85), double charge exchange on the meson-exchange
currents (0s 83), multiple scattering theory with n-N form factors (Gi 85a), and
optical potentials with higher order terms (Gr 84b). As our understanding
evolves, and a theoretical framework is developed that bridges the meson-nucleon
and gluon-quark pictures it should be possible to express the double charge
exchange scattering amplitude within this framework. The short-range nature of
double charge exchange, and its clean experimental signature, may provide a
unique test of this framework.
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LAMPF II will provide the high quality pion beams in the range from 0.3 GeV
to several GeV/c needed for the envisioned double charge exchange experiments.
The higher energies are needed to achieve a greater localization in the
two-charge transfer mechanism. The higher intensities will allow investigations
into regions of large momentum transfer for analog-non-analog transitions.
Especially interesting would be coincidence measurements of double charge
exchange where the pion is detected in coincidence with two outgoing protons.
The protons with high relative momentum would be selectively sensitive to double
charge exchange interactions that occur in a localized region of the nucleus.
Such coincidence experiments will require the high beam fluxes provided by
LAMPF II. A systematic body of double charge exchange data extending from q = 0
to several GeV/c at high-beam energies holds a significant potential for
unraveling short distance dynamics of nuclei.

2.2.5 Nuclear Heating via Antimatter-Hatter Annihilation. One of the most
promising methods for observing quark effects is to subject nuclear material to
conditions of extreme temperature or pressure equaling those to be found in the
"natural" confinement regions normally associated with the interior of hadrons.
Many calculations have predicted that under such conditions ordinary nuclear
matter will be forced to undergo a phase transition to become a quark-gluon
plasma in which individual nucleons lose their identity. Various signatures for
the identification of this transition have been suggested, mostly involving
production of pairs of leptons or strange mesons with a different probability or
a different spectral shape than would be produced by confined nuclear matter
under these conditions. In the commonly assumed condition that the transition
from normal matter to quark-gluon matter is sharp, the line representing the
boundary of the phase transition (drawn in temperature-density space) has been
predicted by lattice-QCD calculations to have a zero-density intercept at a
temperature around 180 MeV. The zero-temperature intercept is much less
certain, with predictions ranging from ~3 times normal nuclear-matter density to
10-20 times normal density. Colliding heavy-ion beams have been suggested as a
method for achieving the conditions necessary for the formation of the
postulated plasma in the region of moderately high mass density.

A complementary method of achieving similar extreme conditions is the
annihilation of energetic antiprotons or antideuterons in nuclei (St 84). In
this case the release of energy in the form of a number of pions rapidly heats a
relatively small volume of nuclear matter. Experimental studies to date on the
annihilation of p's in nuclei have been done only with antiprotons of low
incident energies (Di 84, Me 85, Ah 85).

Energetic antiprotons are much more efficient for the process of energy
transfer to the nucleus than, say, energetic protons. A proton will typically
interact with only a very few nucleons and transfer only a small fraction of its
energy to each one, due to the fact that small angle scattering is, by far, the
most probable. On the other hand, for an energetic antiproton which
annihilates, virtually all of its energy, both kinetic and rest mass, is
converted into pions (typically of the order of 8). The probability of a pion
being absorbed is substantial and it is known that a given pion spreads its
total energy among 3-4 nucleons while being absorbed, although the exact
mechanism for this energy distribution remains controversial. It is easy to see
that, in the few percent of the cases that all (or almost all) of the pions are
absorbed relatively quickly, essentially all of the available energy can be
transferred to a local region of the nucleus. A simple application of
energy-momentum conservation demonstrates that the transfer of kinetic energy
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from one body to N bodies leaves only a fraction 1/N of the initial energy in
overall translational motion, the majority going into heat, sound and other
degrees of freedom, i.e., available to perform quark excitations so as to
deconfine the local hadronic bubbles.

It is informative to compare the energy deposition by low energy
antiprotons with that by energetic ones. An antiproton at low energies (due to
its very large annihilation cross section) converts its energy into mesons on
the surface of the nucleus in a region of low nucleon density. The pions are
necessarily emitted almost isotropically so that more than half of them are
emitted in directions away from the nucleus. Since the pion-nucleon interaction
is greatly influenced by the delta resonance, in whose energy range a large
fraction of the pions from annihilation are to be found, about half of the pions
heading toward the nucleus are scattered at a large angle and many of them then
leave the interaction region. Under these conditions it is not surprising that,
as observed experimentally, only about one of the five pions produced is
absorbed. From these arguments it is clear that, for the purposes of
transferring energy to the nucleus, low energy antiprotons are not much better
than simple pion beams. That is not to say that annihilation of low energy
antiprotons is not interesting for other reasons. Since annihilation is
basically a quark process, it is intriguing to see if the presence of other
quarks in the peripheral confinement region alters the basic recombination
procedure.

As the beam momentum of the incident p is increased, several effects
conspire to make the energy deposition more complete. First, the antinucleon-
nucleon annihilation cross section decreases rapidly with energy so that the
energy conversion takes place deeper into the nuclear medium (we assume
approximately 1 fm inside the nuclear surface for the statements that follow).
Thus, those pions that scatter at angles greater than 90 on their first
collision with nucleons remain within the nucleus. The second effect is that
the pions are emitted forward in the laboratory frame, so that very few high-
energy pions appear at large angles, hence, most pions must traverse the entire
nucleus in order to escape. The number of pions produced in the basic
annihilation process also increases tending to leave the mean energy of the
individual pions near to that of the 3-3 resonance. All of these effects
increase significantly the fraction of the available energy deposited. In
intranuclear cascade calculations, about two-thirds of the available energy is
deposited, on average, for the above conditions. This fraction is roughly
constant for incident momenta ranging from 2-6 GeV/c.

The limiting factor which mitigates against increasing the beam energy
indefinitely is the fact that one must allow for the formation, or
hadronization, phase of the pions after the initial annihilation, a period
during which the highest energy primordial pions may travel a significant
fraction of a nuclear diameter without interacting, The studies mentioned above
of nuclear heating by the use of antimatter projectiles have shown that the use
of "experimental" cuts to select annihilation events with large energy
depositions permit one to choose those with regions of high energy density
(Gi 85b)- For antiprotons with an incident momentum of 8 GeV/c those reactions
with an energy deposition of more than 90% of the total incident energy (~1-3X
of the total "central" events) offer excellent prospects for the observation of
anomalous behavior of nuclear matter under the stress of sufficiently high
energy density to produce deconfinement. For these events the nuclear
temperature in a small nuclear volume remains above 200 MeV for about 4 fm/c and
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the energy density is above 2 GeV/c for at least 1-2 fm/c. The number of
nucleons participating increases from about 4 shortly after the time of the
annihilation to around 10 at the end of the initial cooling phase, when the
temperature of the "hot spot" drops below 200 MeV.

Even if the predictions of a deconfining phase transition were to be
withdrawn, or to be pushed to a much higher domain of energy density,
measurements of the behavior of nuclear matter at moderate density and high
temperature would still be of fundamental importance. The calculations indicate
antimatter annihilation to be an excellent method for the investigation of the
thermal degrees of freedom of the equation-of-state and thus the structure of
the nuclear medium in regions of high temperature.
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3. HADRONIC INTERACTIONS IN QCD

In addition to providing a description of hadronic structure,
nonperturbative QCD may also provide a general and quantitative characterization
of the interaction between hadrons. Vhile it is clear that at longest range the
interaction is carried by a color singlet, the pion, at distances less than IF,
recourse must be made to QCD in order to provide a basis beyond mere
phenomenological characterization. The multiquark and gluon problem encountered
is difficult? however, progress is being made and several qualitative features
of hadron-hadron scattering emerge.

Experimentally, the following avenues appear profitable to pursue. The
examination of collisions in meson-nucleon scattering may reveal a regime where
valence quarks interacting via single gluon exchange suffice to characterize the
process. Considerable theoretical effort and a recent experiment bear on this
subject (section 3.1).

Comparative meson-baryon and baryon-baryon scattering in which the quark
composition of the initial state is changed may be useful. (For example, one
might change n~p to K"p or NN to NA or SN.) These differences in the structure
of the interacting particles may be sufficient to reveal the underlying QCD
interaction. Of course, the experimental results would be of considerable
significance in their own right.

3.1 Pseudo-Scalar Meson Nucleon Reactions

When and if it applies, perturbative QCD brings a beautiful simplicity to
the class of exclusive reactions involving pseudoscalar mesons and nucleons.
Farrar (Fa 84b) has shown that, in perturbation theory, 12 basic diagrams are
sufficient to describe 66 different reactions. The result is that there are
numerous relations among the various possible reactions. As an example one
finds the following cross section relation:

£T) = (n~ + p -> K+

Tests of such predictions must be carried out at very high momentum transfer
with consequently minute cross sections. Clearly a high-intensity accelerator
is crucial if any hope exists of attaining the perturbative QCD domain.

A recent AGS experiment (Bl 85) investigated this class of reactions in the
channels

n~ + p -» it + p

-> p" + p

with 9.9 GeV/c pions at pT = 2.1 GeV/c (90° in the center-of-mass). They found
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that the polarization of the p" was inconsistent with perturbative calculations,
indicating that one must look toward higher energies and larger momentum
transfers. It has been suggested (Is 84) that perturbative QCO may not be
applicable to any exclusive reaction at accelerator (even SSC) energies,
LAMPF II tests of these relations could be valuable in determining aspects of
the symmetries of QCD that are maintained in the effective quark Lagrangian.

It has been pointed out by Isgur and Llewellyn-Smith (Is 84) that
"processes such as meson-baryon scattering are sufficiently rich that they allow
elegant tests of the applicability of perturbative QCD which are free from ad
hoc assumptions about hadronic wave functions" (necessary in the description of
form factors).

3.2 Hyperon-Nucleon Interactions

Experimental data on hyperon-nucleon scattering are very sparse at present,
severely restricting our understanding of the character of the basic, free YN
interactions. An improvement in this situation awaits a significant increase in
hyperon beam intensities such as that planned for LAMPF II, where increased kaon
intensity will make feasible, for the first time, experiments with tagged (and
polarized) A and I beams produced by interactions with polarized hydrogen
targets. An elucidation of the nature of the YN interactions has immediate
bearing, not only on hypernuclear physics, but also on the question of the
relative roles of quark and meson exchange in two-baryon systems. In
particular, increasing strangeness corresponds to decreasing the importance of
pion exchange effects, thereby exposing the intrinsically shorter ranged quark
and/or heavy meson exchange contributions. While the theoretical situation is
far from clear (in part due to the paucity of YN data), distinctions between
quark and meson exchange effects are expected, and are likely to be much cleaner
than in the non-strange sector. Improved two-body scattering data, however, are
essential.

3.2.1 AN, ZN s-waves. Owing to the sparseness of experimental data, full
phase shift analyses of the AN, ZN systems are not currently practicable.
One-boson exchange (OBE) models of the strangeness -1 two-body sector are
constrained by combining the analysis with that of the strangeness zero sector
and using SU(3) relations for the couplings. Even so, existing YN data are
insufficient to fully constrain the models. From the quark-gluon point of view,
s-wave NA, NE and NA ^ NE scattering have been studied in detail; without,
however, the inclusion of pseudoscalar meson exchange. In the natural framework
for such a quark model (in which the quark core occupies a sizable fraction of
the baryon volume) such exchange is expected to dominate the large distance
physics and be damped at distances below 1-1.5 fm. While it is not yet clear
how to incorporate these effects in a fully realistic manner, the prospect of
improved two-body data would provide a major incentive and help to clarify the
differences between quark and OBE models at large and intermediate distances.
At short distances, in contrast, differences between the two approaches are
already known. The Nijmegen OBE model, for example, employs phenomenological
hard cores whose radii are essentially the same for all YN, NN channels, whereas
quark-gluon calculations predict that: (1) NZ( 1SQ, I = 1/2) and NZ(3S1,
I = 3/2) are much more repulsive than NN; (2) the repulsion for NE(3S-i,
I = 1/2), N E ^ S Q , I = 3/2) and NA(1SQ, I = 1/2) is similar to that for NN; and
(3) NA(3Sj, I = 1/2) is somewhat less repulsive than NN. Equivalent hard core
radii are 0.75 fm, 0.4 fm, and 0.4 fm, respectively, to be compared with 0.52 fm
for the Nijmegen potentials. In addition, there are hard cores in the Nijmegen
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NA «• NZ transition potentials, whereas the quark induced conversion is
negligible. Since the 3Si domination of the conversion process at low energy is
understood in teims of one-pion exchange, it is likely that an extended quark
picture will also be able to describe the low-energy free conversion. It will,
however, represent a more peripheral mechanism than does the OBE picture and, as
a result, is likely to have consequences for higher energy scattering, and
perhaps also for hypernuclear structure.

3.2.2 AN, £N p-waves. The situation for p-waves is far less clear
theoretically. What few quark-gluon calculations have been done suffer from
uncertainties associated with the longstanding baryon spin-orbit problem, i.e.,
the observation that the strength of the quark spin-orbit force obtained from
one-gluon exchange appears far too large to satisfy spectroscopic constraints.
Existing spectroscopic calculations tend to suppress this component of the
quark-quark force by hand, whereas existing calculations of induced
baryon-baryon spin-orbit forces tend to employ it with its full strength,
ignoring the spectroscopic problem. Very recent work suggests that treating the
quark spin-spin interactions non-perturbatively produces a parameterization of
the model in which the spectroscopic spin-orbit problem is largely resolved.
The evaluation of integral kernels required for scattering calculations,
however, becomes significantly more difficult using the resulting baryon
structure, and baryon-baryon p-wave scattering has yet to be redone. In
addition one should note that existing YN p-wave calculations employ only part
of the full quark spin-orbit force. Bearing these caveats in mind, the results
show equivalent local symmetric spin-orbit potentials similar to those of the
Nijmegen OBE (beyond 1 fm) with the exception of NE(I = 1/2,L = 1) which differs
in sign. The quark calculations, however, also produce non-negligible
antisymmetric spin-orbit potentials which are not found in the meson exchange
picture. Inside 1 fm, further differences develop between the two approaches,
in part due to the phenomenological hard cores of the Nijmegen model. Both
approaches are able to reproduce reasonable relative magnitudes for N, A, and
E-nucleus spin-orbit potentials. Improved two-body scattering data, especially
in the p-wave channels, is thus of considerable interest. Quark counting rules
suggest significantly different spin-orbit strength for NN, NA, NE compared to
OBE models. While the presence of spin-dependent forces in a dynamical quark
calculation breaks the quark counting relations, significant differences are
likely to remain. Since short distance spin-orbit forces, in the OBE picture,
are dominated by vector meson exchange, good p-wave scattering results, in
contrast to the case of the non-strange sector, appear likely to distinguish
between quark and vector meson exchange mechanisms.

3.2.3 Charge Symmetry Breaking. A comparison of An and Ap scattering is
of fundamental interest, particularly since OBE models predict charge symmetry
breaking effects in AN considerably larger than those in NN. This charge
symmetry breaking results from both A-E electromagnetic mixing and the sizable
mass splitting within the L±>0 isotriplet (which generates asymmetric coupling
between Ap -* Z+n and An -» 2Tp). Quark models appear to predict different charge
symmetry breaking effects although fully dynamical calculations have yet to be
done. The K~d -> Any reaction provides an ideal means of investigating the An
interaction (Gi 73) since the high energy y represents a unique signal for
tagging the trangition and additional strong final state interactions such as
those in K~d -» Ann are absent. Enhanced K~ fluxes from LAMPF II are required
to make an accurate experiment of this type feasible.
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3.3 The K+N Interaction and Quark Degrees of Freedom

The K+N interaction plays a special role in our understanding of the basic
hadronic interaction and the importance of confinement in a many-body
environment. This special situation arises because: (1) mesonic degrees of
freedom are less important, i.e., one pion exchange is forbidden, two pion
exchange is suppressed (at least in the s-wave); and (2) no simple resonances
are possible in QCO models because of the introduction of strangeness into the
quark structure. Since the K+ consists of an "up" and an "anti-strange" quark
and the nucleon contains no (valence) antiquarks, qq annihilation cannot occur.
Hence the only resonances which can exist in the quark model sense are "exotic."

It is very natural, and relatively simple, to calculate this scattering in
the quark-gluon-exchange model. For example, for one-gluon exchange which is
relatively peripheral and hence valid at long range and low energies, since the
strange quark cannot be exchanged, one has only to worry about the number of
"up" quarks that can be transferred along with the gluon. Since there are two
(up quarks) in the proton, and only one in the neutron, the K+-proton amplitude
should be twice that of the K+-neutron. In isospin terms this translates to the
1 = 0 amplitude being zero. It is, indeed, very small, at least at low energies
where these simple arguments apply.

For the K~N system one could well expect from the same arguments (the us
system has no quark which can be exchanged to remain with the elastic channel)
that the scattering length would be small. Since the uu annihilation can lead
to strong resonances this conclusion might be strongly modified, but for the
1 = 0 channel, where known resonances are to be found only at high energies, it
is roughly correct.

For two decades the quarjc model, even in a very primitive state, has been
able to compare the value of the 1 = 1 scattering length of the K+-nucleon
system to some other hadronic scattering lengths (El 67). More recently the
detailed structure of, not only the 8 = 0 scattering, but the 8 = 1 and 8 = 2 as
well (Mu 85, Be 84) has been computed. We note that the spin-orbit interaction
calculated in this way can be compared directly with the nucleon-nucleus
spin-orbit potential, in case anyone has any lingering doubts about the direct
relevance of basic hadronic physics to practical nuclear physics. Work is being
done in QCD inspired models, both in the quark-quark potential models just
mentioned and in the cloudy bag model (Ve 85), in which quark-meson coupling
appears explicitly. These same models are also treating pion-nucleon
scattering, and the nucleon-nucleon interaction is clearly on the horizon.

At this time comparisons of these theories with the existing experimental
results provide the fundamental arguments on which the modern microscopic theory
of the confinement range, and hence the nucleus, is based. While the inferred
values of low energy K+N scattering parameters provide strong support for a
simple calculation in terms of the quark point of view, the accuracy of the
current data leaves much to be desired. A recent analysis (Ha 84) calls into
question some of the previous (quark model supporting) data analyses, but does
not extend to low enough energies to be decisive. Accurate data on the K+-N
system is one of the fundamental pieces of the puzzle of hadronic interaction.

The current status of the K+N scattering indicates that the low energy
process can be understood entirely in terms of quark degrees of freedom (at
least for the s-waves and to some extent for the p-waves as well) rather
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independently of which model of confinement is used. Treatments do exist in
terms of boson exchange models which can phenomenologically fit the data. While
these expansions in meson fields are valuable, especially for the higher partial
waves, for their relation to other hadronic systems, the dependence of the
relevant couplings, masses and ranges on the fundamental confinement mechanism
is not clear at this time.

Note that the K+-N system transcends the ambiguity between the use of quark
and/or meson degrees of freedom. Not only does the quark picture give a direct
fundamental insight into the zero energy parameters, but the pure meson exchange
picture fa:. 3 s quantitatively to predict the s-waves having obtained its
couplings and ranges from the higher partial waves (Da 76).

The current status of the K+-N scattering problem leads us beyond the
statement that we can treat the system with quark degrees of freedom to that of
saying that we should treat the system with quarks. The purity of this
situation is nearly unique in the field of hadronic interactions.
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1. PROBLEMS AND SHORTCOMINGS OF THE MINIMAL STANDARD MODEL

Apart from gravity, the minimal standard model successfully accounts for
all known physics. Nevertheless, it cannot be regarded as the ultimate theory.
The existence of new physics is not only a logical possibility, but it is
strongly suggested by the shortcomings and problems of the minimal standard
model. One of the obvious deficiencies is the large number of free parameters
in the model (the fermion masses and mixing parameters, the three coupling con-
stants, the masses of the W and the Higgs boson, the parameters 6Q£P and &veafc
(see below) minus one overall scale - altogether 19 parameters). There are how-
ever additional (and maybe not unrelated) theoretical concerns and questions.
In this section we shall describe some, of these, together with some of the
proposed theoretical schemes they motivate. One of the major tasks of experi-
mental physics at all energies is to investigate whether any of the physics
suggested by these extensions of the minimal standard model is present.
Needless to say, as experiments move toward higher energies and higher
sensitivities and precisions, a possible outcome is the discovery of new,
unexpected phenomena, which will shed new light on the presently perceived
problems, and which will turn research into unanticipated directions.

Problems with the Higgs boson. The spontaneous breakdown of the electro-
weak gauge symmetry, necessary to generate the masses of the W, Z, and of the
charged fermions, is implemented in the minimal standard model through the in-
clusion of elementary scalar fields. One objection to this approach is that it
introduces a large number of parameters into the model. Another is a problem
associated with the mass of the Higgs boson. The square of the zeroth order
Higgs mass receives quadratically divergent contributions ir m radiative correc-
tions. It is expected that the divergent term is cut off by the next largest
mass scale in the model. For the minimal standard model the only further mass
scale is the Planck mass m « 1019 GeV (m = (G^)"1^2; G N = Newton's
gravitational constant). The result is that in order to obtain a Higgs mass not
larger than about 1 TeV (required if the weak interactions are not to become
strong at energies above ~1 TeV), a fantastic cancellation is needed between the
zeroth order mass and the radiative corrections.

One of the proposed solutions to this problem is to eliminate the elementa-
ry Higgs fields and assume, in analogy with the theory of superconductivity,
that the symmetry breaking is dynamical. To generate large enough masses for the
W and Z this scenario requires the existence of a new strong force, called the
technicolor force, and the existence of new fermions. The Higgs boson is re-
placed by composite states of the new fermions, bound by the technicolor force.
To give masses to the usual quarks and leptons additional new interactions (the
so-called extended technicolor interactions) have to be introduced. The techni-
color scenario predicts the existence of many new states in the 100 GeV to 1 TeV

For a review of the various issues discussed in this section, see (La 85).
Further reviews of particular subjects include (Fa 77) - supersymmetry; (He 81a,
Sh 81) - horizontal gauge symmetries; a recent paper on the latter subject is
(Ho 85), which contains also further references; (La 81) - problems of the mini-
mal standard model and grand unified theories; (Ly 83) - composite models;
(Pe 85) - technicolor ind composite models; (Ra 84) - the Higgs problem and
supersymmetry; (SI 84) - supergravity and superstrings; (Wi 83) - global family
symmetries.
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region. It also predicts the existence of new effective flavor-changing neutral
current interactions that can mediate decays such as KL -» ye (cf. section 3).

A different approach to the Higgs problem, in which elementary scalar
fields are retained, is supersymmetry. Supersymmetry is a symmetry which
relates bosons and fermions. In the simplest supersymmetric models (with one
fermionic generator) the particle spectrum is doubled: every particle has a
partner differing in spin by one half unit. Supersymmetry must be broken, since
otherwise the states related by supersymmetry would have the same mass. In
supersymmetric models the Higgs boson is protected from acquiring a large mass
through radiative corrections by a cancellation between bosonic and fermionic
loops. The Higgs mass receives also a contribution proportional to the scale of
supersymmetry breaking. If this scale is of the order of the weak scale, the
Higgs boson mass can be below 1 TeV without large cancellations.

Another motivation for considering supersymmetric models is that local
supersymmetry may provide a framework for unifying the gravitational interac-
tions with the electroweak and strong ones. Further generalizations include the
class of extended supergravity models. Neither these models nor theories with
higher dimensional space-time have led so far to a satisfactory unified theory
of all interactions. High hopes are attached to superstring theories, a focus of
current research, whose framework is a generalization of quantum field theory.

Supersymmetric models predict many new particles, whose masses are in the
1 TeV region if supersymmetry is broken at the weak scale. Another expectation
is that some of the global symmetries of the minimal standard model will be
broken. In particular, lepton-family-number conservation (cf. section 2) is not
expected to hold. Some of the superpartners of the usual particles may be
light, and show up in the final states of light meson and baryon decays.

The strong CP-violation problem. Due to nonperturbative instanton effects,
the Lagrangian of QCD contains a term that violates both parity and
time-reversal invariance. This term is proportional to a parameter 6 that is
made up of two unrelated contributions: 9 = 6QQQ + ©ye-^- T n e parameter ©Q CQ

resides in QCD, while 9weajf comes from the nonstrong section of the minimal
standard model The problem is how to make 8 © ® a s s m a H

weajf g

standard model. The problem is how to make 8 = ©Q^n + ®yeak a s s m a H a s

10~8-10~9, an upper bound dictated by the experimental limit on the dipole
moment of the neutron. One solution is to suppose that the total Lagrangian
(QCD + electroweak) possesses a global U(l) symmetry. The P,T-violating term
can c*» then transformed to zero. The extra U(l) symmetry can be imposed in the
standard model by extending the Higgs sector to contain at least two Higgs
doublets. The spontaneous breakdown of the electroweak symmetry breaks the U(l)
symmetry, implying the existence of a Goldstone boson - the axion. The axion is
not massless, but acquires a mass through an anomaly.

The simplest axion model (with two Higgs doublets and the U(l) symmetry
broken at the weak scale) now appears to be ruled out experimentally, but more
complicated axion models are possible. Other solutions of the strong
CP-violation problem, where 0 is naturally small and the axion is not required,
have also been proposed. All of these go beyond the minimal standard model.

\
Concern about the gauge group. The gauge group of the minimal standard

model is a direct product of three simple groups (SU(2)L, U(l), and SU(3) ) - a
description that requires three independent coupling constants. An attractive
generalization is the idea of grand unification, i.e., the assumption of the ex-



4. FLAVOR INTERACTIONS 4.-4 April 1986

istence of a large simple group (or of a group which is a product of identical
simple groups related by a discrete symmetry), in which the strong and
electroweak gauge groups are embedded. This reduces the number of independent
gauge coupling constants to one.

Unification of the strong and the electroweak interactions implies the ex-
istence of new interactions. A major implication in most grand unified theories
is that the proton should decay. Another feature is that in many grand unified
theories the neutral current parameter sin28w can be predicted (cf. section 2).
The minimal SU(5) model, which is the simplest grand unified theory, yields the
correct value for sin20 , but it predicts a too large rate for proton decay.
The idea of grand unification and supersymmetry is combined in supersymmetric
grand unified models. The minimal model of this kind predicts a proton lifetime
consistent with the experimental limit, while retaining the correct prediction
for sin2ew>

Some grand unified models may contain subgroups which are broken at a rela-
tively low mass-scale, and which therefore could have additional observable im-
plications at low and moderate energies. For example, the grand unified theory
based on S0(10) contains a subgroup SU(2)L x SU(2)g x U(l) which may play the
role of an extended electroweak theory, with observable deviations from the pre-
dictions of the minimal standard model (cf. section 2). SU(2)L x SU(2)R x U(l)
electroweak models are of interest even in the absence of grand unification.
One of their motivations is the puzzling contrast between the V-A structure of
the charged current weak interactions and the vector nature of the strong and
electromagnetic interactions.

The family problem. One of the mysteries in particle physics is the rep-
lica tIon~oT~quarkand~Iepton families, i.e., the existence of more than one fam-
ily of quarks and leptons with the same quantum number of the electroweak (and
the strong) gauge group. This degeneracy suggests that perhaps some additional
quantum numbers exist that distinguish the families. The underlying symmetries
might also help to reduce the number of some of the undetermined parameters
(fermion masses, fermion mixing parameters) of the minimal standard model.

One possibility is that the fermion families are related by spontaneously
broken continuous global symmetries. This would imply the existence of neutral
massless bosons, called famiIons (f) (the Goldstone bosons corresponding to the
broken global family symmetry). The familons have flavor-changing couplings to
the fermions, giving rise, for example, to the decay u -> ef or K+ •• n+f
(cf. section 3.2.2).

Another possibility is that the new symmetries are gauge symmetries,
governed by a gauge group GH. The gauge group of the standard model would then
be extended to SU(3)C x SU(2\ x U(l) x Gfl.

The gauge bosons associated with G^ (the so-called horizontal gauge bosons)
can cause transitions between fermions of the same charge, and therefore can me-
diate flavor-changing neutral current processes such as K, •+ ue. An elegant an-
swer to the family problem would be the existence of a large gauge group with

See (Mo 81), which also contains earlier references.
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all the quark and lepton families contained in one of its irreducible
representations.

Are the quarks and the leptons elementary? The proliferation of quarks and
leptons led to the speculation that they are composite states of some more fun-
damental particles. The hope is that composite models will allow us to calcu-
late the fermion masses, and also that they will explain \the repetition of the
families.

Experimentally, the leptons and the quarks appear to be elementary to dis-
tances of ~10~16 cm (the distances so far explored) which corresponds to a
compositeness scale Ac of the order of the weak scale. One of the
manifestations of substructure is the presence of contact four-fefmion inter-
actions generated by constituent exchange. These can have a general Lorentz
structure and may include terms that violate the various global symmetries of
the minimal standard model, e.g., lepton-family-number conservation.

In the rjext section we shall consider the signatures of possible new phys-
ics that could be observed at facilities such as LAMPF II. In the last section
we describe Some of the experiments that could be carried out at LAMPF II.

"For a model of this kind see (Ba 85).
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2. SIGNATURES OF NEW PHYSICS AT ENERGIES ACCESSIBLE AT LAMPF II

Ultra high-energy accelerators, such as the proposed Superconducting Super-
Collider, will make it possible to create some of the heavy particles expected
in various extensions of the minimal standard model, and to study their
properties directly. Searches for new physics at facilities with high-intensity
beams of moderate energies, such as LAMPF II, rely predominantly on virtual
manifestations of new physics.

The latter approach can provide new information, not accessible at ultra
high energies. It offers the possibility of probing some of the important
features of new interactions, for example aspects of CP-violation or some
properties of the neutrinos, which require experiments of high sensitivity or
precision. Some of the high-sensitivity experiments that could be carried out
at LAMPF II (and already at some of the existing facilities) probe mass-scales
that are much higher than the largest masses that will be possible to produce at
future ultra high-energy colliders. An example is the decay K, -+ ye: an
experiment with a sensitivity of ~10~13, feasible at LAMPF II (cf.
section 3.2.1) can be sensitive to mediating gauge bosons of masses as high as
-1000 TsV.

Searches for new physics at the high-intensity frontier are aided by some
very specific predictions of the minimal standard model, some of which we shall
describe below. The physics they concern includes the properties of neutrinos,
lepton family numbers, CP-violation, the structure of the charged and neutral
current interactions, and the interactions of the Higgs boson. In most
extensions of the minimal standard model one or more of these predictions is
violated, providing a signature for the presence of new physics.

Neutrino Properties

In the minimal standard model the neutrinos are massless. This is due to
the presence of only left-handed neutrino fields and to the doublet nature of
the Higgs fields.

The question of the existence of neutrino mass is an important issue not
only for particle theory, but also for astrophysics and cosmology. Massive
neutrinos can be incorporated in the standard SU(2), x U(l) 'nodel by introducing
right-handed neutrino fields or by including triplet Higgs fields. The latter
can give rise to Majorana mass terms involving only the left-handed neutrino
fields. Neutrino masses are expected to be nonzero in many extensions of the
minimal standard model. Examples are the S0(10) grand unified theory and
SU(2)L x SU(2)R x U(l) electroweak models. Both of these can give also a
rationale for the puzzling smallness of the masses of the usual neutrinos
relative to the masses of the accompanying charged leptons.

The neutrino masses and the parameters of the neutrino mixing matrices are
not predicted in any model. However, in many models it is reasonable to expect
their effects to be sufficiently large to be observable. The present
experimental limits on the masses of ve> ML, and vT are

For recent reviews of various aspects of neutrino mass and mixing see
Refs. (La 84), (La 85), (Fr 82), (Ro 85), and (Vo 84).
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17 eV < m M < 40 eV (see footnote)* (2-1)
ve

< 0.27 MeV (Je 86) (2-2)

m M < 70 MeV (Ar 85) (2-3)
VT

respectively. The experimental result (2.1) (obtained from the measurement of
the spectrum of the beta-decay of tritium) is the only existing evidence for
neutrino mass and must be confirmed yet by independent experiments.

For massive neutrinos the neutrino states in the weak currents are
generally not the mass eigenstates but rather linear combinations of them. This
leads to the phenomenon of neutrino oscillation (transition of a neutrino flavor
to a state involving also other neutrino flavors) and some other effects. Some
experiments pertaining to neutrino mass and mixing that could be carried out at
LAMPF II will be described in sections 3.2.4 and 3.4.1.

Lepton-Family Numbers

In the minimal standard model all gjocesses that violate the conservation
of any of the lepton family numbers (e.g., u -> ey, KT •* ue, or x -» ey) are
absolutely forbidden. The underlying reasons are that the neutrinos are
massless and that neither the Z° nor the Higgs boson has couplings that connect
leptons belonging to different families.

In many extensions of the minimal standard model the global symmetries
responsible for the conservation of lepton family numbers are broken, and
therefore processes such as u -> ey or K L -> ue are expected to occur at some
level.

A simple source of lepton-family-number violation would be the presence of
massive intermixing neutrinos in the standard model. Observable rates could
result in this case if a further lepton family exists involving a heavy neutrino
(the contribution of the known neutrinos is negligible, due to the existing
limits on their masses and mixings). Observable lepton-family number
nonconservation may result also in SU(2)L x SU(2)R x U(l) electroweak models

^^ result (2-1) is by the ITEP (Moscow) group, as quoted in Ref. (Oh 86).
We shall use the term "lepton family number" as a common name for electron,

muon, or tau number.
References to the original papers on various aspects of lepton-family-number

violation touched upon here can be found in Refs. (He 83a) and (Br 86).
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involving heavy right-handed neutrinos, and in supersymmetric models, where
lepton-family-number violating processes can receive new contributions from
diagrams involving the supersymmetric partners of the usual quarks, leptons, and
gauge bosons.

Lepton-family-number violating processes can be mediated also by the
horizontal gauge bosons involved in models with horizontal gauge symmetries.
Another possible source of lepton-family-number violation is the exchange of
flavor-changing neutral Kiggs bosons. The latter are present, for example, in
the standard model with two or more Higgs doublets. Some classes of grand
unified models contain leptoquark gauge bosons sufficiently light to give rise
to observable rates for some lepton-family-number violating processes. In
extended technicolor models there are several sources of flavor-changing neutral
interactions that can lead to observable effects: horizontal gauge bosons and
leptoquark gauge bosons (included among the extended technicolor gauge bosons),
neutral pseudoscalar bosons and pseudoscalar leptoquarks (the analogs of Higgs
bosons). Lepton-family-number violating processes are expected at some level
also in composite models. In particular, constituent exchange in composite
models generates contact four-fermion couplings that may include flavor-changing
neutral interactions.

Some experiments to search for lepton-family-number violation that could be
done at LAHPF II will be described in sections 3.2.1 and 3.2.4.

CP-Violation

CP-violation was discovered 22 years ago when the long-lived component KL

of the neutral K-mesons was found to decay into two pions, a decay mode
forbidden by CP-invariance. Since then considerable effort has been expended to
study this phenomenon, but the origin of this effect is still
unknown. CP-violation has been seen so far only, in the neutral kaon system:
in the decays KL -> n

+n", KL -» n° n° , and in KL -» 11*8 <v'.

CP-violation in KL -» 2n decays is described in terms of the parameters e
and e', defined by

A(K, -> JI +JT)
X) • = 8 + e' (2-4)

A(KS -> n
+n~)

*See (El 79) and also (Go 82).
For recent reviews of CP-violation see (Wo 86) and (La 84,85).
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A(KT -> n° K° )

Hoo • —± = e - 2e' (2-5)

A(KS -> n n )

where
asymmetry

A(Kr C -* in) dfe. the amplitudes of the decays KT g •* nil. The charge
ry IA KL -» 11*8 ^v' decays is given by (assuming the AS = AQ rule)

r(K, n v ) r( n )
SQ • - = 2Ree . (2-6)

T(KL -» n~fi
+v) + T(KL > n

+fl~v)

T(KL -» n~5
+v) - T(KL -> n

+

CL -> iTfi
+v) + T(KL -r u x

The parameters e and e' are given by

e _ e ^ flm<Ko|HAR^|K
o> + ̂ o ]

|2 { AmK ReA0J '

•'-^••l^-ing (2-8)

where HAS_2 is the AS = 2.nonleptonic Hamiltonian, AQ O are the K -> 2n(I=0,2)
amplitudes, w • ReAo/ReAQ * 0.045, 9 = tan"1 (2AmK/rg) • (43.67 ± 0.14)°, AmR •
mKi ~ mKc' rS " Ks-W1^tn» an<^ e' " *2 ~ *0 + n/^ * (**° ± **' (*0* H are *'
s-wave lift-phase shifts).

From the experimental value 8j = (3.30 ± 0.12) x 10~3 one obtains (Wo 86)

|e| = (2.27 ± 0.02) x 10"3 . (2-9)

Recent measurements of |*l+_/n.oo| yield

I 0.
-0.0046 ± 0.0053 (stat) ± 0.0024 (syst) (Be 85a)

e'/e = { (2-10)
0017 ± 0.0082 (Bl 85) .

Thus e'/e is consistent with zero, so that all the observed CP-violating
effects can be explained by the single parameter |e|. Since e'/e is small, one
has n. • Ii+Je1^*- = e. Experimentally |h+_| = (2.274 ± 0.022) x 10~

3 and
•+_ = (44.6 ± 1.2)° a 9, as expected from the smallness of e'/e and
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CPT-invariance. On the same basis one expects $ _ ~ 4> . Experimentally

•oo * < 5 4 * 5>°'
CP-violation in the Minimal Standard Model. One of the major issues

regarding CP-violation is whether the minimal standard model can account for the
observed effect. There are two sources of CP-violation in the minimal standard
model. One of them is the P- and T-violating term in the QCD Langragian. This
term is constrained by the experimental limit on the electric dipole moment of
the neutron, which renders it too weak to be responsible for CP-violation in
K^-decays. The second source of CP-violation is a CP-violating phase S (the
Kobayashi-Masakawa phase (Ko 73)) in the quark mixing matrix. This generates in
second order in the weak interaction a nonvanishing imaginary part in the K°-K°
amplitude, proportional to sin62Sin@osin5 (62, 63 are quark mixing angles),
which in principle could be of the right size to explain the experimental value
of |e|. Recent measurements of the b-quark lifetime and of the b •* uSiv/b -+ civ
branching ratio however constrain the quark-mixing angles Oo and 63 to be so
small that unless the t-quark is heavier than about 60 Gev, it ir difficult to
get a large enough e even with a large (of the order n/2) value of &.
Nevertheless, the possibility that the weak interactions of the minimal standard
model are responsible for |e| is not ruled out, since one has to allow for the
uncertainty in the value of the matrix element of the effective AS = 2 operator.

The phase & leads also to CP-violation in the usual AS = 1 nonleptonic weak
interactions. The most accessible experiment appears to be the determination of
the parameter c' in K, -* 2n decay. If the minimal standard model accounts for
the observed value of |e|, the prediction for the ratio |e'/e| is (Vo 86)

7 x 10~3 > |c'/e| > 10~3 (2-11)

Calculations also lead to the conclusion that e'/e should be positive. Both
this prediction and the range (2-11) for |e'/e| have to be viewed with caution
because of the uncertainties in the calculation of the matrix element of the
effective AS = 1 operator. The experimental values (2-10) of e'/e are
consistent with a positive sign for e'/e and the range (2-11) for |e'/e|. A
possible experiment at LAMPF II to measure e'/e is described in section 3.2.3.

The minimal standard model predicts further that the contribution of the
phase 8 to the electric dipole mome; •. of the neutron (Dn) is negligibly small
(of the order of 10~29 to 10~31 ), and that there are no CP- or T-violating
effects in semileptonic processes in first order. Large CP-violating effects
are expected in B°-B° mixing, but their detection requires extremely demanding
experiments studying exclusive decays.

Some further CP-violating observables of interest will be encountered later
on.

CP-Violation in Some Extensions of the Minimal Standard Model. Alterna-
tive l7T"^he~iniHiiInlinT~cl>nTrTD^^ may be due to
interactions involved in extensions of the minimal standard model. Below we
discuss some of the possibilities.
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• Fourth quark family. CP-violation could reside in the standard
SU(2), x U(l) model, but dominated by some of the new CP-violating phases
brought in due to the existence of a further quark family. In this case
there is no definite prediction for the parameter e' (An 85, Bi 85, Gr 84,
Tu 85).

• SU(2)L x SU(2)H x l)(l) electroweak models. In these models there are new
CP-violating * phases due to tTse presence of both left-handed and
right-handed currents (Mo 75, He 83b, Ch 83a), which could be responsible
for the observed value of e (Mo 75). In a minimal SU(2)L x SU(2)g x U(l)
model (Ch 83a) e'/e is predicted to be e'/e = 5 x 10~3 (Eck 85); in more
general versions of this class of models e'/s could be as large as the
present experimental limit (He 85). A distinguishing featurs of these
models is a time-reversal violating contribution in first order to the
T-odd triple correlation <a«> • p * iL in semileptonic baryon decays
(He 83b,85) (cf. section 3.5)7

• A Higgs model. In the minimal standard model the interactions in the Higgs
sector conserve CP. This no longer holds if the Higgs sector is extended
to contain more doublets.

A model with light Higgs bosons (requiring at least three Higgs doublets)
was proposed in Ref. (We 76). This model predicts that both e'/e and Dn

should have a value near their present experimental limits. A novel effect
expected in this model is a time-reversal violating contribution of the
order of 10~3 to the muon polarization normal to the decay plane (a
correlation <a > • p_ x p* ) in K -> nuv decays (Zh 80, Ch 85a)
(cf. section 3.2.4). M

• The superweak model. In this model the existence of a new interaction of
strength 10~9 oF~ the weak interactions is postulated that violates
CP-invariance and has a AS = 2 component (Wo 64). This can account for the
magnitude of, th" observed CP-violation, as it leads to
|e| = Im<K°|HXsl2lcU|K0>/Am = 10~3. The superweak model is consistent with
all data on CP-viblation. It predicts that CP-violating effects in the
usual AS = 0 and AS = 1 processes arc negligible; in particular e'/e is
predicted to be of the order of 10~6-10"7. A superweak interaction could
be generated for example by the exchange of horizontal gauge bosons
involved in models with horizontal gauge symmetries.

Structure of the Charged Current Interactions

In the minimal standard model the charged current interactions of quarks
and leptons have pure V-A structure.

Additional four-fermion interactions involving right-handed currents are
expected at some level in SU(2)L x SU(2)R x U(l) models, and also in models
involving mirror fermions (fermions that have V + A couplings to the usual
W-boson), e.g., the 0(18) family unification model of Ref. (Ba 85). Charged
Higgs bosons, present in models with additional Higgs multiplets, give rise to
scalar and pseudoscalar type interactions. New four-fermion interactions with a
general Lorentz structure are expected to contribute in composite models, and
also in models involving leptoquarks.
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Sensitive probes of deviations from the V-A structure are the usual
muon-decay parameters, and also some properties of semileptonic n, K, and
hyperon decays. Some of the experimental studies of the structure of the
charged current weak interactions that could be done at LAMPF II are described
in sections 3.2.4 and 3.5.

Structure of the Neutral Current Interactions

The neutral current in the minimal standard model depends on a single
parameter the quantity sin20y. Moreover, sin26y determines also the ratio of
the masses of the V and the Z, implying the value of one for the- parameter p
(defined as (p • mfy/m̂  cos26y). Experimentally (La 85)

sin29y = 0.223 ± 0.006 (2-12)

p = 1.006 ± 0.008 .

Possible new physics that would affect the above features includes
additional fermions (entering through the radiative corrections), Higgs bosons
belonging to higher than doublet representations (affecting the parameter p at
the tree level), additional neutral gauge bosons, and nonrenormalizable
interactions (for example, due to substructure).

A precision measurement of sin29y at LAMPF II is described in
section 3.4.2.

Another important feature of the neutral current in the minimal standard
model is the absence of terms connecting fermions from different famillas, i.e.,
the absence of couplings such as u -» eZ or s -» dZ. One of the implications of
this is that there are no AS = 1 semileptonic neutral current interactions in
first order. Processes such as K+ -» n+v\> are therefore greatly inhibited and
can serve as probes of new AS = 1 effective neutral current interactions. The
latter are expected, for example, in composite models, in models with horizontal
gauge interactions, and in extended technicolor models (cf. section 3.2.3).

Structure of the Higgs-Fermion Interactions

The couplings of the Higgs boson to the fermions contain in the minimal
standard model only terms connecting fermions of the same kind; couplings such
as u -* eH or s -» dH are absent. Also, the couplings involve only scalar fermion
currents. The neutral current four-fermion interactions generated by these
couplings are corrections to the neutral current interactions due to the Z.

For two Higgs doublets the neutral Higgs bosons have already in general
flavor-changing couplings to fermions (contributing to decays such as
K^ -> u+u ), and both scalar and pseudoscalar couplings are present. The
existence of at least two Higgs doublets is a requirement in some extensions of
the standard model, for example in supersymmetric models. Models with
additional Higgs multiplets contain also charged Higgs bosons, which can
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generate scalar and pseudoscalar type interactions contributing to the usual
weak processes.

New physics may include light particles that can appear in the decays of
kaons, pions, muons, and light baryons. Examples are some of the supersynunetric
partners of the usual particles, the axion, the famiIon and new neutrinos. The
latter may have nej interactions, or just those present in the minimal standard
model.
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3. SOME POSSIBLE EXPERIMENTS AT LAMPF II

3.1 Introduction

LAMPF II will operate in an energy regime that has been available for study
for over two decades. The distinguishing feature of experiments at LAMPF II
will be the use of the high beam fluxss to search for rare processes with
greatly improved sensitivity and to perform measurements of previously observed
processes with high precision. These kinds of experiments must examine a large
number of particles, be able to identify the desired process and reject
potential backgrounds. The first requirement implies that it is necessary to
use an apparatus with a large acceptance situated in a high-intensity beam. The
incident beam should be composed primarily of the particles to be studied, to
reduce the total particle flux through the detectors. Similarly, it is
advantageous to use a beam with small phase space (momentum spread, spot size
and divergence). LAMPF II will excel in producing beams with these
characteristics; with a two orders-of-magnitude increase in secondary particle
fluxes compared with existing beams, LAMPF II will be the ideal facility to
pursue these studies. In addition, a wide variety of probes will be available;
secondary beams of charged and neutral kaons, pions, neutrinos, muons and
hyperons can be used.

Historically, improvements in sensitivity for rare processes or precision
have been a result of advance-; in detector design in addition to improved
incident beams. As an example, we shall consider
B = T(u+ -» e+r)/r(u+ -> e+ve>iJ). Figure 3.1-1 shows the experimental upper
limit for B as a function or the year in which the measurement was made. This
remarkable graph chronicles nine orders-of-magnitude improvement in sensitivity
over 40 years. T o initial measurement was made with cosmic rays, a very
low-intensity, low-quality beam. The large jump in sensitivity, apparent around
1955, resulted primarily from the availability of a much higher intensity source
of muons, namely the decay of pions produced at accelerators. The subsequent
improvement of about three orders-of-magnitude over the next decade resulted
both from continued increases in beam intensities and from advances in the
design of the detectors used in these experiments. The later experiments took
advantage of improvements in resolution and rate-handling capabilities as well
as a better understanding of backgrounds from earlier experiments. Two
experiments in 1977 improved the upper limit by another factor of ten because of
the availability of improved muon beams at meson factories; these experiments
utilized detectors that were quite similar to those used ten years earlier. The
final two results, from LAMPF, have continued the improvement in sensitivity
primarily because of better detector design and beam quality. A. proposed
experiment at LAMPF (Co 85) expects to be sensitive to B^ at the 10" 3 level,
mainly due to a significantly improved detector design.

There are several lessons to be learned from this. Increased beam
intensity and beam quality are crucial to improving the sensitivity of rare
decay and high-precision experiments. It is also essential, however, to have a
series of experiments that will result in improved understanding of the
backgrounds and better experiment design.
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Fig. 3.1-1. The experimental upper limit for the branching ratio of V -> ey as a
function of the year of the measurements.

3.2 Kaon Decays

The decays of the changed and neutral kaons have played an extremely
important role in our understanding of the fundamental interactions. The
observation of 2n and 3n decay modes of the charged kaons led to the discovery
of parity nonconservation in the weak interactions. CP-violation was discovered
through the observation of the decays K L -» 2n. More recently, the suppression
of decays such as K, -» u +u~ led to the prediction of the charmed quark.
Subsequently, the order of magnitude of the charmed quark mass was successfully
predicted from the observed K L - Kg mass difference. Instrumental to this role
is the relatively large mass of the kaons which allows for a large variety of
decay modes, and also the existence of two distinct almost degenerate neutral
kacn states.

Studies of the decay modes of the K - mesons continue to be of great
interest. The possible experimental investigations that can be made include:

Searches for forbidden decay modes. An example is this class of
lepton-family-number violating decays, such as K L -* ue. In some clashes of
models K - decays may be the most sensitive probes of the underlying
interactions.
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Studies of suppressed decays and observables. Decays such as K+ -» n+v^,
which do not occur In first-order In tHe electroveak interactions, probe
calculations of higher-order amplitudes in the minimal standard model. In
addition such decays are generally valuable tools for exploring new physics.
The advantage here is that the new contributions are not masked by large
first-order electroweak effects. Information on nev physics can also be
obtained from measurements of observables that are suppressed in the minimal
standard model, or that can be calculated in the minimal standard model with
sufficient accuracy. Examples are provided by the longitudinal polarizations of
muons in K, -> u+y~ and in K+ -» u+v decays.

Studies of CP-violating effects. More accurate measurements of the
parameters Tin KL -* 2n decays, and studies of CP- and T-violation in other
K - decays can provide essential information on the mechanism of the observed
CP-violation and on possible additional sources of CP-violation.

Searches for light particles. The large mass of the kaons allows one to
searcH for massive neutrinos and some other possible light particles in a wide
mass-range.

In addition to the above categories, which are our main focus here, there
are many decay modes with large branching ratios (for example K -> 3n, nllv, nnfiv)
whose detailed study would provide further information on various physics issues
in the minimal standard model, in particular on the dynamics of the strong
interaction as it manifests itself in weak decays. The pertinent measurements
include the study of form factors, tests of the predictions of current algebra
and of CVC, studies of the degree of validity of the AI=l/2 rule and studies of
SU(3) breaking.

Most of the existing upper limits on rare kaon decays are by-products of
experiments whose main focus was a different measurement. Experiments designed
specifically to search for many of these processes will be run for the first
time in the next few years at the AGS and KEK. It should be expected that after
these experiments are analyzed, the second generation experiments, designed to
fully exploit the beams available at LAMPF II, will look different from those
described here. Nevertheless, we discuss how the increased beam intensities and
qualities at LAMPF II would be utilized to improve the experimental
sensitivities from a perspective of today's understanding. LAMPF II
protoproposals of three experiments to study electroweak processes, K^ "* Ve>
K+ -* n+vv and a precision measurement of the CP-violation parameter e'/e, have
been prepared. These processes are discussed in some detail below.
Descriptions of the apparatus to be usfid, backgrounds, and the expected
experimental accuracy are given. We also discuss, although in somewhat less
detail, other experimental opportunities at LAMPF II; only estimates of the
experimental accuracy achievable at LAMPF II are given here. Many other
processes that can be studied at LAMPF II are not discussed, due to a lack of
space. Table 3.2-1 gives the results of past measurements, presently proposed
sensitivities, and the sensitivities achievable at LAMPF II for various kaon
decays. Table 3.2-II gives similar information for several CP-violation
parameters.

3.2.1 KL -> we (Br 86). The decay K, -» ye violates separate conservation of
electron and muon-numbers, and is therefore absolutely forbidden in the minimal
standard model (see section 2). The present experimental upper limit for the
KL -» ye brancSiing ratio B(KL •» ye) • B(KL -> ye)/B(KL -» all) is ~10"8. As
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11described below, an experiment at LAMPF II could reach a sensitivity of -10
for B(K, ->ue). Let us consider briefly the implications of such a limit for
some extensions of the minimal standard model.

TABLE 3.2-1

KAON DECAYS

PROCESS

KL -> we

1/ + v + -

K -> n w

K+ -• n+ue

K+ -» u + w

PROPOSED

PRESENT RESULT SENSITIVITY

-8

<7 x 10~9

<2 x 10~7

io-n-io-12

<1.4 x 10~7 1 x 10"10

10-11

5 x 10~8

10~12

SENSITIVITY

AT LAMPF II

10-13

4 x 10-12

10-1?.

5 x 10"11

10-13

<2 x 10-6 5 x 10-11 3 x 10-13

TABLE 3.2-II

CP VIOLATION

PARAMETER

e'/c

K* -» nnn

PROPOSED

PRESENT RESULT SENSITIVITY

(-4.6±5.3±2.4)xlO-3

= -0.007±0.005

10-3

SENSITIVITY

AT LAMPF II

3-5 x 10"4

10-4

K+ = (-3.0+4.7)xl0"3 2 x 10-4
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Models with horizontal gauge interactions. The contribution of the
exchange of a horizontal gauge boson to tfie decay K^ •+ we is described by
diagram (a) in Fig. 3.2.1-1. In a model containing a U(l) horizontal gauge
boson the KL -» ue branching; ratio is given by (He 61a)

B(K, -* ue) « (0.94 TeV4) JL KL KJ (3.2-1)

where g is the horizontal gauge coupling constant, my is ihe mass of the
horizontal gauge ^cson Y, and K is a factor that includes the fermion mixing
angles. It follows that an experimental limit

B(KL (3.2-2)

on the K^ -» ue branching ratio implies (assuming g = g
constant)

semiweak coupling

my > 1.37 (d~
1 M)K 1 / A TeV . (3.2-3)

Taking (arbitrarily) K1'' to be of the order of the Cabibbo angle, one obtains

and

my> 30 TeV for d = 10"8 (3.2-4)

my> 540 TeV for d = 10~
13 (3.2-5)

The lower bound (3.2-5) is much higher than the highest mass that can be
produced at the next generation high-energy accelerators, such as the SSC. A
stringent constraint on the mass and coupling of the horizontal boson follows
from the experimental value of the K.L - Kg mass difference Am^ (He 79, Ka 81).
If the horizontal boson couples with equal strength to (sd) ana (eu) it implies

o
J

L g ^ ( , )
If the horizontal boson couples with equal strength to (sd) ana (eu), it implie
an upper lifliit for B(K, -» ue) of ~2 x 10"14. However, B(K, -> ye) is allowed t
be e.g. 10"B (10"1J) if the ratio of the quark-Y and lepton-Y couplings is ~10"
(-0.5).

In models with a U(l) horizontal gauge group the horizontal interactions
conserve flavor in the absence of fermion mixing (He 81a). If the
horizontal gauge group is nonabelian [e.g. SU(2)], the Kj •+\ie branching
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Fig. 3.2.1-1. Some possible contributions to the decay K, -* pe (a)
fxavor-changing neutral gauge boson contribiton; (b) contribution of a
flavor-changing neutral Higgs boson (or technipion); (c) leptoquark contribution
(d) K L -> we via massive intermixing neutrinos in the standard model.

ratio is not suppressed even in the limit when the fermion mixing angles vanish
and all horizontal bosons have the same mass. This is in contrast with
processes such as e.g. u -» ey, u -» 3e or u~N -> e~N, which are forbidden in this
limit. The reason is the existence (in this limit) of a global symmetry that
allows only "generation number" conserving processes, such as K^ -> ye (Ca 81a).
In these models some of the horizontal bosons give contributions to B(K, -» ue)
of the form (3.2-1) with K of the order of one. For d = 10 * one would then
have my > 2400 TeV.

The experimental value of the K, - Kg mass difference
ll th ibti f h i a l b t B(K » ue)

p , g ^ constrains
generally the contribution of horizontal bosons to B(KL -» ue) to be less than
about 10"13 (He 79, Ka 81). In some models, however, the contribution of the
horizontal bosons to AmR is suppressed, and as a result B(Kt -» ue) could be
larger, even near the present experimental limit (Sh 81a, Sh 81b, He 81a).

Models with extended Higgs sectors. The contribution of a flavor-changing
neutral Higgs boson To KL"-> ye Is shown in diagram (b) of Fig. 3.2.1-1.
B(K, -> ue) due to this mechanism could be as large as the present experimental
limit, provided that the strength of the effective sd -* so" interaction generated
by this mechanism is sufficiently suppressed relative to the strength of the
sd -» eu transition. If no suppression occurs, the experimental value of Am«
requires B(K, -» ue) to be smaller than a few times 10~1J (He 79, McW 81, Sh
82a).

Models involving leptoquark gauge bosons. The branching ratio for K L -» ue
mediated by leptoquark. gauge bosons (see Fig. 3.2.1-lc) could be as large as the
present experimental limit. As leptoquark exchange does not generate in lowest
order nonleptonic transitions, leptoquark masses and couplings are not
constrained significantly by the K L - Kg mass difference. Assuming g = 10"
for the product of the effective leptoquark-fermion couplings involved, the
present experimental limit on B(Kj -» ue) yields a lower bound of about 60 TeV on
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leptqquark gauge boson masses (Sh 82). An experiment with a sensitivity of
10 would probe leptoquark gauge boson masses of about 1100 TeV.

Extended technicolor models. In extended technicolor (ETC) models there
are contributions to K, -» ue from horizontal and leptoquark gauge bosons, from
neutral pseudoscalar bosons and from pseudoscalar leptoquarks. Unlike in other
schemes, in ETC theories the masses of these states can be estimated. It was
found (El 83a. Ha 84a) that the leptoquark gauge bosons should give rise to
K, -» ue with a branching ratio somewhere in the range of 10 - 1 0 , and the
exchange of horizontal bosons and of the light pseudoscalar states to a
branching ratio near the present experimental limit. A problem of extended
technicolor models is that the horizontal bosons and the light neutral
pseudoscalar states give too large contribution to the K, - Kg mass difference
(El 83n, Ha 84a). A solution to this problem may affect trie size of the various
contributions to K L -> ue. It is believed, however, that the contribution of the
light pseudoscalar leptoquarks would remain intact (El 83a, Ha 84a).

Composite models. The K^ -> ue branching ratio due to the contact
four-fermion interactions generated in these models (Ei 83) could be as large as
experimental constraints on the parameters of a given model allow. The most
stringent constraint probably comes from, the K^ - Kg mass difference, but it is
unlikely that values around 10 - 10 are ruled out.

Massive neutrinos, further lepton families, extended electroweak models-
In ttii standard model with massive neutrinos but only the three known lepton
families B(K, -> ye) is unobservably small [B(KL -+ ye) < 1Q~ for mv > 70 MeV].
The KT -> ye Branching ratio could be of the order of 10 or perhaps larger if
a further lepton family involving a heavy neutrino exists (Ba 84). Larger
Ki -> ye rates may also result in SU(2)L x SU(2)R x U(l) models involving heavy
right-handed neutrinos (Ba 84). It should be noted, however, that in both the
above cases the decay y -> ey and y~ -» e~ conversion in some nuclei are expected
to have a larger branching ratio than K, -» ye (Ba 84, Al 77). The same appears
to be true in supersymmetric models (El E2).

In conclusion, the improvement of the experimental limit on the K L -» ye
branching ratio by several orders of magnitude would probe much further the
possibility of the existence of new interactions mediated by neutral bosons or
leptoquarks, present in some extensions of the standard model. The range of
mass scales that could be probed in the proposed experiment is far beyond the
mass range accessible at the next generation accelerators. Needless-to-say, the
discovery of K, -> ue would have far-reaching consequences. In any case, the
experiment would constrain the theoretical possibilities. In extended
technicolor models, K, -* ye is expected to occur with a branching ratio near the
present experimental limit. Its absence in the range of branching ratios that
would be explored would present a serious problem for technicolor models.
Comparison with y -> ey, V -» 3e, y~N -» e~N and K* -» >rvef which also can be
searched for with improved sensitivities, shows that the branching ratios of
K^ "* ue and coherent y~ -> e~ conversion would be the largest for equal effective
coupling constant for all processes. The information one can obtain from
KT -* Me is different from the information provided by y~ -> e~ conversion, since
it is sensitive to different types of couplings. KL -» ye with a branching ratio

For reviews of ETC models with emphasis on rare kaon decays see Refs. (El 83a)
and (Ha 84a).
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larger than 10 could also be due to the presence of intermixing neutral
leptons. If so, the decay u •* ey and u~ •* e~ conversion in some nuclei should
be seen already in less sensitive searches for these processes.

There are presently proposals at the AGS (Sc 81) and at KEK (In 85) to
search for K, -> we with a sensitivity to branching ratJ.cs as small as IQ and
another at the AGS (Co 84) that hopes to search for K£ •+ ue at the 10~ 1 2 level.
These would represent a huge improvement over the present limit for the
branching ratio (-10 ). While it is certainly possible that unforseen
backgrounds will be present, it appears that these measurements will be
background-free and limited in their sensitivity by the number of kaon decays
available at these accelerators. An experiment has been designed for LAMPF II
(Br 86), utilizing a beam with a K°^ flux of 1010/s, that could reach a
sensitivity of 10 . The apparatus, shown in Fig. 3.2.1-2, is similar to that
to be used at Brookhaven. The major improvement in acceptance results from the
use of larger magnets. Drift chambers with smaller cells will be used to
achieve the needed rate capability, efficiency, and resolution. The vacuum
pipe, which extends through the detector, is much wider than the neutral beam
size to contain neutrons and secondary particles frjpm kaon decays. Two
analyzing magnets are used to reduce backgrounds from K^ -* nev where the pion
decays within the detector. In the decav region, 2.8% of the kaons decay and
the acceptance of the apparatus for KjJ -» ue is 5%. Assuming an overall
efficiency of 50£, fi.Y,e events would be observed in a 2000 hour run if the
branching ratio is 10 . The most serious background comes from !<£ -• nev where

S S

Target

m

3 •

Fig. 3.2.1-2. A schematic diagram of the apparatus for an experiment to search
f 9 r KL ~* p e - The pending magnets are denoted "M", the dr i f t chambers "D", and

is a hydrogen Cerenkov counter



4. FLAVOR INTERACTIONS 4.-22 April 1986

the pion decays into a muon in the apparatus; the projected background level is
~1 event within the experimental resolution.

3.2.2 K* -» rc+X (Br 85). An important decay suppressed in the minimal
standard model is

n+ X (3.2-6)

where X are unobserved weakly interacting neutral particles. The n+ momentum
spectrum in this process is dominated by the possible decays of the type
K -» R+N. where the states NJ, which remain undetected, consist of one or two
weakly interacting particles. The branching ratio BR+ _> n+ for the decay (1)
can be written as

B(K+ -> Jl+N,) = B^3^ + B
3 K + -> n+ :

(3.2-7)

where %i+\ + derives from the possible three-body decays and
from the possible two-body final states.

+^ + originates

In the minimal standard model the only allowed states NJ are the
neutrino-antivieutrino pairs M v , vû \i> an(* V T ^ T ' an(* ^ ^ sufficiently light)
the Higgs boson H°. The decays K + -> n M^VJ occur in the minimal standard model,
but are forbidden in first order. They are believed to be dominated by the one
loop diagrams shown in Fig. 3.2.2-1 (Ga 74, Ma 78, In 81, El 83b). The
contribution of these diagrams to the K+ -+ n+v^v^ branching ratio is given for
each neutrino pair by (In 81, El 83b)

B(K+ -> it+v^.) s T(K+ -> n+M1^i)/r(K
+ -• all)

= 0.61 x 1CT6 | D(xc) + s2(s2 + s3e
iS)D(xt) |

2 , (3.2-8)

7 ?
where D is a function of x m mg/mw (m a current quark mass), s^ = sin©^,
9î (k = 1,2,3,) and 5 are, respectively, the quark mixing angles and the
CP-violating phase. The contribution of the c-qusrk and of the t-quark in
F.q. (3.2-7) turn out to interfere constructively (Gi 83, Ha 84a). Data on
semileptonic B-meson decays and the experimental value of the B-meson lifetime

l l 6

p
set a lower and an upper bound on the quantity |s2(s2 + s 3e

l 6)|. These in turn
imply for a given t-quark mass a lower and an upper bound on B(K+ -> H+Vj,v.)
(Gi 83, Ha 84a). For mt = 40 GeV, for example, the prediction is

For recent reviews see (Ga 83a), (Ka 83), and (Ha 84a).
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Fig. 3.2.2-1. One loop diagrams for the decays K+ -» n+

minimal standard model.
(i==e, U , T ) in the

2 x 10 -11 B(K+ -> 9 x 10-11 (3.2-9)

+LA significant deviation of Bv+L,+ ^rom these bounds, or the presence of a new
discrete line in the Ji+-spectr\im V>t belonging to K+ -• n+H° (H° • Higgs boson of
the minimal standard model) would represent evidence for physics beyond hthe) p p
minimal standard model. The present limit on B^+^ + is (As 81)

+ < 1.4 x 10~7 (90^ confidence) (3.2-10)

This leaves a wide window in which possible new physics could be
described below, at LAMPF II one could observe a branching ratio B^
as 4 x 10"IZ. K

.seen. As
' + as low
n

Let us consider the decay (1) fi.om the point of view of some extensions of
the minimal standard model:

More families in the minimal standard model. In the presence of additional
neutrinos sufficiently light to be produced in the decay (3.2-6) the upper bound
in Eq. (3.2-9) would increase, although it is not simply proportional to the
number of neutrino pairs. This is due to the dependence of the K+ -* n+\>.\>̂
amplitudes on the masses of the accompanying new charged leptons (Ma 78, In 81,
El 83b). The lower bound in (3.2-9) could also be violated, because of the
possibility of destructive interference with the contribution of new quarks.
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Massive neutrinos. Given the existing upper limits on the masses of the
known neutrinos, non-zero masses for these neutrinos would not likely affect the
bounds (3.2-9) considerably. Once the decays K+ -» n+v^v^ are observed, the mass
of the tau-neutrino and the masses of possible new massive neutrinos could be
probed to about 50 MeV and possibly lower (De 84). The shape of the pion
spectrum depends also on whether the vT (and the possible new neutrinos) is a
Dirac or a Hajorana particle (Ni 85).

If the neutrinos are massive, a further source of the unobserved neutrals
in the decay (3.2-6) would be the cascade decay K+ -• n+n° -* n+v^vi (Wo 76,
Fi 77, Be 78, Ka 79, Ga 83b).

Supersymmetric models. In supersymmetric models there are new
contributions to tKe K^ -» n + v ^ amplitudes from diagrams involving the
supersymmetric partners of the usual particles. However, these are expected to
be smaller than the standard model contribution. Therefore, branching ratios
for K+ -» n+v-v^ are to be expected to temain about the same size as in the
standard model without supersymmetry (Ga 83b).

In certain classes of supersymmetric theories some of the superpartnecs may
be light. Possible candidates include the ghotino y tthe supersymmetric partner
of the photon), some of neutral Higgsinos H (the partners of the Higgs bosons)
and the sneutrinos \> (partners of the usual neutrinos (El 83b, Ga 83b, Ha 84b).
If the photino mass is sufficiently small, then the decay K+ -» JI+YY becomes
possible, and would contribute to the decay (3.2-6). The branching ratio for
K.+ -» n+99 could range from a value smaller than the K+ -» n+"0jV^ rate to a value
comparable to the present experiment limit (El 83b, Ga 83b, Sh 82b, Ka 83). If
the photino mass is smaller than M 0 / 2 , the n° can decay into two photinos,
allowing the cascade decay K+ -• FI+IT -» v.+yy. This process could also have a
larger branching ratio than the upper limit in Eq. (3.2-9) (Ga 83b)_._ Further
contributions to the decays (3.2-6) may come from the decays K+ -> n+HH (El 83b)
and K+ -» rt*"vv (Ha 84b), which could have branching ratios comparable to
B(K+ -> J i ^ V -

Models with family symmetries. Horizontal gauge bosons can give rise to
the lepton-family-number nonconserving decays K+ -> n.+v \ , K+ -> n+v vT,..., and
contribute also to the allowed decays K+ -» n+vgv , K+ •+ II+\L\L... (see
Fig. 3.2.2-2a). The contribution of horizontal bosons to all these decays (just
as their contributions to K* -» it-pe or to any strangeness changing semileptonic
process) is severely constrained by the experimental value of the Ki - Kg mass
difference Am^. K •+ JI+V\>' branching ratios as large as the limit (3.2-10)
cannot, however, be ruled out because the contribution of the horizontal bosons
to the K^ - Kg mass difference may be suppressed.

If the fsrmion families are related by spontaneously broken global
symmetries, K+ can decay into a n+ and a lamilpn. jhe K+ -> Jl+f branching ratio
is predicted to be B(K+ -> n+f) = (3 x 101J)F~'z GeVZ, where F is the scale for
the breakdown of the family symmetry (Vi 82, 83). Considerations of the
cosmological implications of axions (see below), which are expected to be
prisent simultaneously with the familons suggest (if the axion is invisible),
rhat F < 10 x z GeV. This would imply B(K+ -» n+f) > 3 x ltT11 (to be compared
with the present experimental limit B(K+ -> it+f) < 3.8 x 10"°) (As 81).
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Fig. 3.2.2-2. Some possible contributions to the decays K+ -+ n+vv': (a)
flavor-changing neutral gauge boson contribution; (b) contribution of a
flavor-changing neutral Higgs boson (or technipion) (c) leptoquark contribution.

Models with extended Higgs sectors. The branching ratio for K+ -» n+vv'
decays mediated By the exchange oT neutral Higgs bosons (see Fig. 3.2.2-2b)
could be as large as the limit (3.2-10) provided that the strength of the
effective id -» so" interaction generated by this mechanism is sufficiently
suppressed relative to the strength of the sd •+ vv' interaction. If no
suppression occurs, the experimental value of Am^ requires B(K+ -» nv\>') to be
smaller than about 1 0 .

The Higgs boson of the minimal standard model is generally believed to be
heavier than about 10 GeV (see (El 83a) and references therein). Nevertheless,
the possibility that it is sufficiently light to appear in the process (3.2-6)
has not yet been completely ruled out see e.g. (Ga 83a). In any case, light
Higgs bosons can be present in models involving more than one Higgs doublet. A
recent search for peaks in the n+ momentum spectrum due to K+ -» n H decays (and
other K+ -> n+X decays) led to upper limits on B(K+ -» n+H) of the order of
10"-" - 10"6 for some range of the Higgs mass (Ya 84).

In models with more than one Higgs doublet th« neutral Higgs boson can
contribute, in general, to the decays n° -» \>V, since the neutral Higgs bosons
can (unlike in the minimal standard model) have paeudoscalar couplings to the
quarks. Branching ratios of the order of 5 x 10 I the present experimental
upper limit (He 81b) for the cascade decays K+ •* n+n° -* n +w'] are not ruled out
(He 81b) .

K+ -* n+ + axion. The axion would show up in decay K+ -» n+a. The existing
limit B(KT -> iTa) < 3.8 x 10~H (As 81) represents one of the difficulties for
the standard axion, which now appears to be ruled out. However, the axion may
be associated with a more complicated Higgs sector, in which case its mass and
couplings would depend on more parameters. Smaller values of B(K+ -» n+a) are
therefore not ruled out.
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Models Involving leptoquark gauge bosons. The branching ratio for
K+ -* iTw» mediated by leptoquark gauge bosons (see Fig. 3.2.2-2c) could be as
large as the present experimental limit. As leptoquark exchange does not
generate in lowest order nonleptonic transitions, leptoquark masses and
couplings are not constrained significantly by the K^ - Kg mass difference.

Extended technicolor models. The various neutral bosons and ieptoquarks of
ETC models that contrib

contribute also to the decays
the ETC models that contribute to the decay K, -» ue (see section 3.2.1),

I* -» K+\>V .

The corresponding branching ratios are expected to be smaller than, or
perhaps just comparable to, the electroveak. contribution in the minimal standard
model. The reason is that while some of these bosons can lead to KL -» ue decay
with a branching ratio as large as -10"' (El 83a, Ha 84a), an interaction of the
same strength contributing to the decays K+ -» nvv' would imply a K+ -* rt+v\>'
branching ratio of the order of 10 or smaller, depending on the type of the
couplings involved.

Composite models. The contact four-fermion interactions present in these
models will contribute generally to K+ -» nvv' (v' » v, or v' * v) decays. The
corresponding branching ratio is not likely to be above the upper bound for the
electroweak contribution in the minimal standard model, due to the constraint
from the KL - Kg mass difference.

In summary, an experiment searching for K+ -> n+X with a branching ratio
sensitivity of 4 x 10 would be a sensitive test of the calculation of -the
K* -> K+VJ\>J amplitudes in the minimal standard model. A branching ratio B A T ^ +
significantly smaller than ~2 x 10 would suggest the presence of
contributions to the K+ •* JI+VJVJ amplitudes from new quark families or from the
supersymmetric partners of the usual particles. Assuming that the t-quark will
be J^pund with a mass of about 40 GeV, a value of Bj^?^n+ significantly above
10 would also represent evidence for new physics. It appears that the most
likely cause would be the existence of further lepton families, or the presence
of decay modes with supersymmetric partners of the usual particles in the final
state. Some other possibilities, for example, contributions from leptoquarks,
are also not ruled out. If spontaneously broken global continuous family
symmetries exist, and if the axions are invisible, K+ -» it+f is expected to occur
with a branching ratio of the order of 10 or larger. The experiment could
also probe further the question of the existence of a light Higgs boson and of
the axion. A study of n° decays into unobserved weakly interacting neutral
particles in the cascade K+ -» K+JI° -> H+XX could give information on neutrino
masses, possible new neutrinos, possible new contributions to the neutrino-quark
interactions and on supersymmetric models.

The process K+ -» it+v\i presents a difficult experimental problem. Since the
neutrinos are not detected, the final s:*ate is not uniquely identified. A
possible experimental technique is to observe K+ decays at rest, utilize an
efficient, hermetic photon veto system, and identify the pion with a high degree
of certainly. This technique is subject to backgrounds from K+ -» n+n° (Kjj2)

 at

a level of ~ 1 decay out of 10 due to undetected photons. However, a portion
(-20%) of the phase space for K+ -> n+v\> has pions above 205 MeV/c, the momentum
resulting from K n 2 decays. This momentum is above that possible for pions
emerging from any other known kaon decay except K •* TIYY, which has a small
branching ratio (< 8 x 10~ 6). Thus a sensitive experiment should measure the
pion momentum with precision.
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An experiment is planned for the AGS (Ch 83) with a projected sensitivity
of 2 x 10" . An experiment at LAMPF II could observe a branching ratio for
K+ -» n+v\ as low as 4 x lO"1^ (Br 35). The design calls JEor using an 800 MeV/c
R+ beam with a single stage of dc separation providing 10' stopping K+/s with a
n/K ratio of -2. A side view of the cylindrically symmetric apparatus is shown
in Fig. 3.2.2-2. The detector consists of a segmented active stopping target
surrounded by a drift chamber located in a 3T axial magnetic field for momentum
measurement. The drift chamber is surrounded, in turn, by a scintillator
counter range stack, in which the pions stop and the n^* u -* e decay chain is
observed, and a 4n photon veto detector. In a run of 10' seconds, 20 K+ -> n+\>\*
events would be observed if the branching ratio is 3 x 10" , the lower limit
predicted by the minimal standard model, in a background-free environment.

A by-product of this experiment is the possibility of detecting the decay
n° •+ w ' . The present experimental upper limit [< 2.4 x 1 0 ° (He 81b)] could
be improved by three or four orders-of-magnitude, depending upon the photon veto
efficiency achieved. In addition, a search for light scalar particles such as
the axion and the familon, and recently proposed vector hyperphotons (Ar 86)
could be extended with a sensitivity to the decay K+ -> n+(light scalar) with
branching ratios below 10" .

3.2.3 Precision Measurement of the CP-Violation Parameter e'/e (Wi 86). As
discussed in section T, if the minimal standard model is responsible for the
observed CP-violation, the CP-violation parameter e'/e in KL •+ 2n decays is
expected to have a value in the range of 10 - 10" . A value of e'/e near the
present limit is expected also in Weinberg's Higgs model and in some
SU(2)L x SU(2)R x U(l) electroweak models. In some other models e'/e is not
predicted, but could be as large as the present experimental limit. On the

IRON RETURN YOKE

DRIFT
CHAMBER

PHOTON
VETO

Fig. 3.2.2-2. A side view of the apparatus for the K+ -» n+vv experiment. The
magnetic field in the cylindrical magnet is from the left to the right in the
figure.
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other hand, if the sole source of CP-violation is a superweak interaction, the
value of e'/e should be too small to be observable.

Below we shall discuss two approaches to higher precision measurements of
e'/e that will be possible at LAMPF II.

The standard method of. measuring E'/e is to measure the rates for
K s L -» n°n° and Kg L -• n

+n~. The "ratio of ratios" of these rates is given by

i m -» n° i .
noo |2/ |n+ I2 = = 1 -6e'/e . (3.2-11)

T(KL -> n+n")/r(Ks -» n+n")

Many systematic errors cancel in the ratio; however, many remain. Many of
the systematic errors arise from differences in the properties of the incident
K, and Kg- The Kg are produced by regeneration in a K.̂  beam and they emerge at
appreciable angles (from incoherent and diffraction regeneration); they also
decay close to the regenerator while the K^'s decay nearly uniformly throughout
the decay region. In addition, there are invariably backgrounds from K^ -» 3it*
in the KL •+ 2it° sample. The best present measurement is from an experiment at
Fermilab (Be 85) with the result e'/e = -0.0046 ± 0.0053 ± 0.0024 (see Section

2); the first error is statistical and the second is systematic. There are
new experiments at Fermilab (Go 83) and CERN (Cu 81) that each hope to collect
100.000 KL -» 2n° events. This would imply a statistical precision in e'/e of
10" • The real challenge will be to keep the systematic errors small. There is
also a poorer precision experiment using a different method to be run at LEAR
(Ad 82).

Should these experiments succeed in acquiring their proposed statistical
samples while reducing the systematic errors below the 10 level, the next
generation experiment will need to use the higher beam flux of LAMPF II to
acquire a larger number of Kr •» 1° n° events. An experiment with 1CL KL -» rt° rt°
events (i.e. a statistical precision in e'/e of 3 x 10"3) appears
straightforward; there is additional beam flux available for an even larger
number of events should methods be developed to handle the high particle fluxes
and data rates.

If the presently proposed experiments are not able to reduce their
systematic errors to a sufficient level, the next generation experiment would
need to aim for better control of the systematic errors. Because of the larger
kaon flux, an experiment can be designed utilizing smaller cross-sectional-area
beams with lower neutron contamination (Cr 82). The beams are small enough that
there is no need to convert a photon and reconstruct its trajectory to know its
point-of-origin. The neutron flux is low enough so that there is no need for a
beam hole in the center of the detector. As a result, the detection efficiency
is extremely high (greater than 50%) while the total beam rate is modest. The
detector, an array of Nal(Tl) blocks, can eliminate the incoherently regenerated
events. The simple detector configuration implies that all systematic
uncertainties should be quite small. The overall precision in e'/e of such a
measurement is conservatively estimated to be 5 x 10" .
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A completely different approach to determining e'/e is to measure, with
high precision, the charge asymmetry in K L -» nev decays (^3) and the magnitude
f O i
g p

of ti . One can write

2|n. I cos(9)
Re(e'/e) - — = 1

where SQ is the charge asymmetry (Eq. 3.2-6) and 6 is the phase of e. Data i
an experiment performed at CERN (Ge 74), involving K^ •+ n n~ and K 3 alone,
be inserted into the above equation yielding Re(eve) - 0.015 I 0.05 .

Data from
can

equation yielding Re(cr/c) - 0.015 3TO.O5 . We
consider here the program of measurements of these decay channels rc-quired to be
sensitive to Re(e'/e) as small as 5 x 10 .

In Table 3.2.3-1 we list those parameters that will need to be measured
accurately to determine Re(e'/e). Also shown are the required precision, the
improvement needed over the current world average, and the number of events
needed to reach this precision.

TABLE 3.2.3-1

PARAMETER PRECISION IMPROVEMENT EVENTS

S? 3 x 10"f 120 10j2 K, -> nev
|O. I 2 x 10"; 60 10° K, -» n+n~
S 5 x io~7 8 10° K, -> n+iT
fg 5 x 10"A 4 10° Kg -> n+iT

Each of these measurements appears feasible (Wi 86) with the necessary
precision using presently available technology and the intense, high-quality
beams at LAMPF II.

We shall discuss the charge asymmetry measurement since it is the most
difficult and challenging. The required statistical accuracy implies that 10
events be xecorded in one year of running; thus events must be recorded at a
rate of 10 events per second. A conventional kaon spectrometer (Fig. 3.2.3-1)
would be situated such that 5X of the K^'s decay in the decay region. With an
acceptance of 252 for K .1 decays, an incident flux of 10 K,/s is required.
Even with a rather well-aefined neutral beam with a solid angle of 5 usr or
less, only a fraction of the KL flux available at LAMPF II is required. It will
be advantageous to preferentially absorb some of the neutrons in the beam (Ho
82) to reduce backgrounds. To successfully accumulate 100,000 good K ^ events
per second events will be fully analyzed on-line. Histograms would be stored in
the on-line computer memory and periodically written on magnetic tape. The
on-line analysis is straightforward. Tracks must be found and reconstructed.
The analysis would be performed by a system of parallel microprocessors such as
the Advanced Computer Project (Ga 84) system developed at FNAL. A system of 250
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Fig. 3.2.3-1. A top and side view of the apparatus for the
measurement.

charga asymmetry

n-.'des appears adequate for the job; each node must be able to process an event
in about 2.5 ms. In addition to the histograms, a prescaled fraction of raw
events will be written on tape for further analysis.

The systematic errors appear to be managfiable. This and the other
measurements are described in (Wi 86).

* -+ all) is
K* -» irSi e

3.2.4 Some Further Experimental Opportunities.,

Lepton-family-number violation> In addition to the decay Kf -> ue there are
a number of other lepton-family-number violating decay modes of the kaons, which
would give additional information on possible sources of lepton-family-number
violation. The most accessible of these appear to be the decays K* -» nrue.

All the theoretical discussion for K^ -* ye applies also to the decays
K* -• nivte*, except for the following differences!

For equal coupling constants B(K* -» JrVe*)
smaller than B(KL -• ue) by about a factor of 100. The decays
provide, howe-er, different information than K^ + ue because they are sensitive
to vector, scalar, and tensor quark, currents, while KL -> \ie probes axial-vector
and pseudoscalar ones. A point of_ relevance for models with nonabelian
horizontal gauge interactions: K* -» n^^e* do not conserve gengration number and
are expected to be therefore suppressed relative to K -• n ^ e+ (Ca 81a).

An experiment at the AGS to search for this! decay hopes to be sensitive to
a branching ratio as small as 10"11 (Ba 82). This experiment will employ an
unseparated 6 GeV/c K+ beam with an intensity of -107/s. The anticipated
systematic limit of this experiment is ~3 x 10" 1 3 (Sm 84). The primary
experimental limitation is expected to be the singles rates in the detector
caused by unwanted beam particles (it's, protons, and beam halo). An experiment
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at LAMPF II in a separated K+ beam with an intensity of 108/s, using chambers
with better time resolution, could improve the sensitivity at least to 10 .

Suppressed Decays and Observables.

(1) Ki -» u+u~. The decay K, -» u+u~ provided early evidence for the absence
of strangeness changing neutral currents at the level of the first-order weak
interactions. The observed branching ratio is of the order of 10 , which
implies that the strength of a possible d -> syu interaction must be smaller than
about 10 Gp (Gp • Fermi constant). The KL -» u

+u~rate can be accounted for by
the usual electroweak interactions, but new interactions may be involved as
well. While the decay rate is not a sensitive probe of possible new
interactions (the precise value of the electroweak contribution being
uncertain), a measurement of the longitudinal polarization of the unions (P^)
would provide new information (He 83c). Phenomenologically, values of |Py| of
the order of one are not ruled out. In the minimal standard model the
polarization is nonvanishing, but suppressed - estimated to be about 10
(He 83c). Larger polarizations would suggest the presence of new contributions.
Pu could receive large contributions from CP-violating (nonelectroweak) AS = 1
neutral current effective interactions, e.g. from flavor-changing neutral Higgs
exchange or from leptoquark. exchange (He 83c). A muon polarization larger than
10" J is possible also in SU(2)L x SU(2)R x U(l) electroweak models (Ch 84).

An experiment to search for K^ -» ue can be out. ted with a polarimeter to
measure the longitudinal u + polarization in KtJ -> u+u . One of the upcoming AGS
experiments (Co 84) will have such a polarfrneter and expects to be able to
observe muon polarizations as large as 10%; the accuracy of this measurement is
limited by statistics. In the LAMPF II K^ -» ue experiment described above, ~105

K^ -» u+u~ events will be accumulated allowing a measurement of the muon
polarization at the 33 level.

(2) K^ "*e+f~» KL " V ^ g " ' In the minimal standard model, K^ -> e+e~ is
suppressed relative to K? -» uTu~ bv a factor of about 10 (due to the dependence
on the lepton mass)(Ka 83). The K^ -> e+e~ branching ratio is therefore expected
to be - 10" , to be compared with the present limit of < 2 x 10"'. This makes
K^ "* e+e~ a sensitive probe of strangeness-changing neutral current
interactions. The same is true also for the decay K? -> rt°e+e~, which is
suppressed due to the absence of single photon- ana single Z-exchange
contributions (Ga 74). The K^ -> n°e+e" branching ratio is exnected to be
< 10" 1 1 (El 76), to be compared with the present limit of < 2 x 1 0 .

The K^ -> ue experiment at LAtJPF II will also be sensitive to K^ "* e+e~ with
branching ratios as small as 10" . The backgrounds are not as severe as in the
Kt -» ue measurement. Tht worst background is expected to be from K? -> e+e~y and
should be negligible.

Concerning K^ -> n°e+e~, an experiment at the AGS (Co 84) expects to be
sensitive to this process at about the 5 x 10 level. Less than one
background event is expected from K? -> nev with the n mistaken for an electron.
A dedicated experiment at LAMPF II (Li 83, SRI 84) would improve the sensitivity
to ~3 x 10-1J.
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Studies of CP- and T-Violation.

(1) Transverse polarization of the muon in K* -» n°u'l'v. Time-reversal
violating interactions generate in K -» np\> decays a muon polarization ( P ^ O
perpendicular to the decay plane (j5n x $ ). In the minimal standard model, and
also in SU(2)L x SU(2)p x U(l) models this effect can arise only in higher order
and therefore is negligible. A contribution to ?^' of the order of 10~J is
expected in Weinberg's Higgs model (see Section 2). As in K+ •* n°u+v the pion
is neutral, the electromagnetic final state interactions that can also cause
such a polarization, are negligible.

The best present experiment measured P^u' = (-3.0 ± 4.7) x 10~3 (Ca 81b)
for events with (pV • p*v) = 0 so that the n° emerges forward in the laboratory.
A similar apparatus, located in a 3 GeV/c separated K+ beam at LAMPF II -̂ .jxd
accumulate ~2 x 10 events, a statistical sample two orders-of-majpiiude larger
(Me 83). The cylindrically symmetric detector consiscs of a toroidal magnet, an
aluminum polarimeter, and several scintillation counter arrays. This experiment
appears to he limited by statistical, not systematic, errors; the experimental
error in P^'could be reduced to 2 x 1 0 .

(2) The CP-viplating slope asymmetry in K* -> rc^n • A CP-violating effect
in the decays K± -» ip-n*!!* is a difference in the slopes, a ^ of the Dalitz plots
for K+ and K~ decays. The slope asymmetry, A(K) , is defined as

In the minimal standard model, A(K) can be related to ef, with the result
= 2e' (Ch 83c). llsing the prediction (2-11) for e', one obtains

&(1Q « 5 x 10"b - 3 x 10"5. In Weinberg's Higgs model A(K) is predicted to be
10" - 10 (Ch 83c). Such values of A(K) are also possible in general
SU(2)L x SU(2)R x U(l) models (He 85).

The best present result, based on 3 x 10 events from an experiment run at
the AGS in 1970, is A(K) = -0.0070 ± 0.0053 (Fo 70). An experiment at LAMPF II
could improve the statistical precision by two orders of magnitude (So 84). The
apparatus consists of a spectrometer to measure the momenta of the three charged
pions. The events are reconstructed in on-line microprocessors; only histograms
and asymmetries of the analyzei data would be recorded. Several new features
would help reduce systematic errors. All three pions would be analyzed to help
reduce backgrounds and to help calibrate the spectrometer. The incident R+ and
K~ beams would be made as identical as pos ible; separators in the beam lines
would reduce beam contamination and so reduce the singles rates in the
apparatus. Data would also be accumulated with extra material added to the
spectrometer to measure the asymmetry caused by the different interaction
probabilities for n+ and n~. A dedicated experiment at LAMPF II would be
sensitive to A(K) smaller than 10 .

(3) CP-violation in rare decays. In the mir.imal standard model, the ratios
of AS = 1 and AS = 2 CP-violation are expected to be relatively large (of the
order of one oi larger) in the amplitudes of several rare kaon decay modes such
as K -> YY and K -• u*y~ (El 76^ Ch 85b, Go 85). The measured branching ratio for
KL ~* YY _.|s ^"9 * 0%A) * 10 • The present upper limit for Kg -» YY is
< 4 x 10 . If the Kg -» YY decay arises predominantly front nn intermediate
states, one would expect its branching ratio to be ~5 x 10" . The YY final
state can have both CP = 1 and CP = -1 configurations; these two configurations
can be distinguished by measuring the photon polarization. The experiments
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would be very challenging and, because of the small rates, would require the
highest possible kaon fluxes. The first step in a program of measurements would
be to measure the branching ratio for Kg -> YY« The next would be to search for
a net circular polarization in YY decays from a pure K, beam, which is a pure
CP-violating effect (Se 67). After some experience is gained in making these
measurements, searches for Ki - Kg interference effects in the YY final state
could start.

Search for heavy neutrinos in K+ -> U +M. A sensitive class of experiments
to search for the effects of! possible neutrino mass and mixing is the
measurement of the lepton momentum spectrum in two-body leptonic decays of the
pseudoscalar mesons (Sh 80). Massive neutrino states mixed with the dominant
neutrino would show up as further peaks in the charged lepton momentum spectrum
with relative intensity proportional to |Ugj| , where UAJ is an element of the
neutrino mixing matrix, which relates the weak elgenstates Vg to the
mass-eigenstates v^

n

v5 =2 %
vi (5 = e, v, Tf...)

In the decays K -» ev and K -> uv the relatively large mass of the kaon allows a
wide range of possible neutrino masses to be explored.

Progress in two areas is needed to significantly improve the limit
lUuil - 1 0 achieved (for m, between about 150 and 300 MeV) at KEK (Ha 82).
One needs a higher stopping R+ rate and improved photon vetoing efficiency to
identify K+ -> y > . The limit for |ULjP is proportional in [n /(eNK)] where n
is the photon vetoing inefficiency (at ~50 MeV), Nrr is the number of stopping
K+, and e is the apparatus acceptance. Using Barium flouride for photon
detection, n -10"* is achievable (Ch 83b). With 5 x 106 stopping K+/s and a
Jl/K ratio in the beam of ~1 (to reduce the singles rates in the detectors), a
limit of |Uy.|

z < 5 x 10"11 can be reached.

Search for right-handed currents in K+ •» u^v. The longitudinal
polarization of the muons in K"1" -* y^v and TC -» u+v decays is a sensitive probe
of the effects of right-handed currents, present for example in
SU(2)L x SU(2)p x U(l) electroweak models. In general SU(2)L x SU(2)R x U(l)
models the /ft = 1 and AS = 0 semileptonic processes provide independent
information, as they involve different parameters (He 83b).

The present best measurement of the muon polarization in K+ -» u+v yields
Py = -0.970 ± 0.047 (Ha 84), based on 1.1 x 10^ analyzed events. The
uncertainty is dominated by the statistical error. Muons from K+ -» u+v at rest
are momentum analyzed in a magnetic spectrometer and brought to rest in a
high-purity aluminum stopper situated in a weak magnetic field. The muon
polarization is determined by tracking the positrons from the subsequent decay
of the precessing muon. The higher K+ stop rate available at LAMPF II will
permit a measurement of Pu with the statistical error reduced more than an order
of magnitude.
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, Kaon beta decay presents a new process in which to test the
conserved-vector-current (CVC) hypothesis (Ba 77). The CVC prediction is
B(K,;* K+e"v 1 » B(K, -> e"Ng) e 3 x 10"

y (as the KL is an almost equal mixture
of TC° and R ). The unique kinematic signature (an energetic charged kaon
materializing from a neutral beam in vacuum) should permit a first generation
measurement collect -10 events/hour (Hi 83). This experiment can use all of the
kaon flux available at LAMPF II. It is interesting to note that, if one assumes
CVC, this experiment can improve our knowledge of the K+-Ku mass difference
(Ka 83).

3.3 Muon Physics

The muon has played a prominent role in the development of the minimal
standard model. Experimental studies of the normal decay of the muon
contributed significantly to the establishment of the V-A theory. Another area
concerned the relationship of the muon and the electron. Experiments such as
measurements of the anomalous magnetic moment of the muon did not find any
feature of the muon, apart from its mass, to distinguish it from an electron.
However, the apparent absence of processes such as u -» ey and u~ •+ e~ conversion
in nuclei indicated convincingly that the muon and the electron do not belong to
the same class of particles. This evidence led to the formulation of
lepton-family-numbers and became, in ths minimal standard model, part of the
"family problem".

Muonic family-number-violating processes, the muon g-2, and ordinary muon
decay continue to be important probes of new physics. In this section we
describe an experimental proposal (Hu 86a) to measure the g-2 of the muon. We
also make note of some additional experimental opportunities,

3.3.1. Precision measurement of the muon g-2 (Hu 86a). The anomalous
g value of the muon a. = (g -2)/2 in the minimal standard model is predicted to
be (Ki 84, Hu 85) v M

a^1" = (1 165 920.1 ± 2.0) x 10"9 (1.7 ppra) .

The experimental value is (Ba-79)

.^expt = 1 165 92A ( 8 5 ) x 1Q-9 (7 3 ppm) _

The present agreement of the theory and experiment sets significant constraints
for some extensions of the minimal standard model, e.g. models with extended
Higgs sectors (Mo 85), supersymmetric models (Na 84, Yu 84) and composite models
(Ba 80, Br 80, Su 85, Pe 85). The effect of substructure on ay in a class of

For reviews see (Ho 84)- lepton-j.dL.lly-number-violation; (Hu 85)- muon g-2;
(St 84a), (St 84b), Sc 84) - ordinary muon decay. Many other subjects in muon
physics are discussed in (Ho 86).
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At LAMPF II it would be possible to measure g-2 to a precision of 0.1 ppm,
an improvement of a factor of 70 over the CERN experiment (Ba 79). The method
will be similar to the CERN approach and will involve the ..-ecise measurement of
the difference frequency wa between the spin precession frequency w and the
orbital frequency w in a known magnetic field. Longitudinally polarized muons
from pion decays will be injected into a storage ring 14 m in diameter; the
superferric ring has a homogeneous magnetic field of -15 kG amc an alternating
gradient quadrupole electric field. For a muon momentum p = 3.09 GeV/c, the g-2
precession frequency wa depends only on B; the electric field provides weak
focussing. The decay electrons are detected by calorimeters consisting of
lead-scintillator sandwiches. The high-energy component of the decay electron
time distribution is modulated at frequency « . A schematic diagram or the
apparatus is shown in Fig. 3.3.1-1. The improvement in precision comes
primarily from the greatly improved statistics. Although great care must be
taken to insure that the systematic errors are small, it appears that they will
not limit the precision of the measurement.

This experiment "ould make it possihle to determine the weak contribution
to a * " l ( O w e a k = (1.95 ± 0.01) x 10~

y (1.7 ± 0.01)ppm] and would probe
further new physics. It would be sensitive to a compositeness scale of -7 TeV.
The prerequisite for â , to be able to fulfill these roles is an improvement in
the knowledge of the iiadronic contribution to a^ by a factor of ~20. This
requires more accurate measurement of R • a(e"le~ -* hadrons)/a(e+e~ -» u +e~),
which will be difficult but conceivable.

3.3.2 Some Further Experimental Opportunities. Two low-energy muon
channels at LAMPF II will produce high fluxes of surface u+'s (28 MeV/c), cloud
u~'s as well as muons from pion decay in flight. The fluxes are expected to be
about one to two orders-of-magnitude higher than presently available.

3CTCCTOH

WON INJECTION

MACHIT OCTANT

Fig. 3.3.1-1. A schematic diagram of the apparatus to measure gu-2.
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Lepton-Family-Number-Violating Decays. The intensity of beams useful for
rare muon decays is expected to be roughly one order-of-magnitude higher than
currently available.

(1) u -» ey. While K, -» ue is a sensitive probe of
lepton-family-number-violation due to neutral flavor-changing bosons or
leptoquarks, the decay u -» ey (and also u~ -» e" conversion) appears to be the
best probe of lepton-faraily-violation due to intermixing heavy neutrinos. The
u -» ey branching ratio could be anywhere below the present experimental limit.
Values of B(u -> ey) as large as the present limit are possible for example in
the standard model with a fourth lepton family involving a heavy neutrino
(Ba 84) or in SU(2)L x SU(2)R x U(l) modals containing heavy right-handed
neutrinos (Mo 81).

As was discussed in Section 3.1, substantial progress in sensitivity to
u + -* e+y is expected in an upcoming experiment at LAMPF (Co 85). That
experiment is expected to be limited by the available beam flux and by th\j
instantaneous particle rates in the detector. The higher muon flux and the
higher duty factor at LAMPF II will permit a "straightforward" improvement in
sensitivity of between 4 and 8, reaching the sensitivity of -1-2 x 10" .
Further improvement would require improvements in the photon detection
efficiency (without a loss of energy resolution) or tha rate capabilities of the
detector.

(2) u -> 3e. The decay u ->3e gives information on lepton-family-
number-violation mediated by neutral flavor-changing bosons *hat is in general
independent of the information provided by lepton-family-nuinber violating
K-decays or u~ -» e" conversion.

The measurement yielding the upper limit for u + -> e+e+e" of 2.4 x 10~ 1 2

(Be 85b) was limited by the beam flux. Nearly two orders-of-magnitude more beam
will be available at LAMPF II but some improvements in detector resolution would
be needed to translate this into a factor of -10 more sensitive measurement.

Miscellaneous Studies. The low-energy muon beams at LAMPF II will permit
also a vigorous program of experiments in normal muon decay, muon capture,
muonium, and muon catalyzed fusion. A pulsed muon beam, which could be
constructed in the fast-extracted beam area, would permit precision studies of
laser-induced transitions in muonic atoms (Hu 86b). The topics that could be
investigated include sensitive tests of QED, high-precision determination of
fundamental constants, nuclear size, moments, and polarizability (Hu 86b).

3.4 Neutrino Physics

There are a number of neutrino processes that provide sensitive tools for
probing the presence of new physics. Neutrino reactions can also give useful
information on some aspects of the physics of the minimal standard model.

Using the LAMPF II accelerator complex it is possible to generate two
distinct neutrino sources: a conventional in-flight decay source with 30 uA
(half the current possible from the main ring) of 45 GeV/c protons, and a low
energy time-separated neutrino source from stopped pion and muon decays. The
primary production beam for the low energy source is 100 uA of 2.5 GeV/c protons
fast extracted from the booster.
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from theseIn this section we discuss the fluxes of ML, v , vy and v_ rrom these
sources and then describe two representative experiments that coula be carried
out with them. We also mention briefly some other experimental opportunities.

The in-flight neutrino source. A "conventional" neutrino source similar in
neutrino composition to that in use at the AGS, except 30 times more intense,
can be produced by directing the fast extracted LAMPF II main ring 45 GeV/c
proton beam onto a target and focusing the secondaries (u,u,K) into a decay
tunnel. The detector would be placed at the end of the tunnel behind a Fe muon
shield 117 m from the production target. Monte-Carlo calculations for the
positive focus condition are given in Table 3.4-1.

TABLE 3.4-1

In-Flight Decay v Source

(30 uA of 45 GeV/c protons)

v Type Flux <E >
(GeV)

4.1 x 10 1 5 Vcm2/sec 1.7

2.2 x 10 1 3 \>/cm2/sec 2.7

5.8 x 10 1 3 Vcm2/sec 1.9

7.9 x 10 1 0 Vcm2/sec 2.1

The low-energy stopped pion neutrino source. A precision source of low
energy neutrinos can be generated from the decay of stopped positive pions and
muons. The different rates for pion and muon decay gives rise to time-dependent
distributions for the neutrino fluxes. The different neutrinos are produced in
a beam stop by the prompt decay of it+ into \> and p +, and the subsequent decay
of the u + into e~, v , and \>g. The upper limit of the incident proton momentum
for this type of neutrino source is about 2.5 GeV/c. Above this momentum the
secondaries have sufficient energy to travel far enough inside matter to produce
a significant in-flight decay component resulting in a degradation of tne
quality of a stopped source. Figure 3.4-1 shows the resulting neutrino energy
distribution from a beam stop. The primary proton beam would be 100 uA average
of fast extracted beam from the booster. The resulting time-separated neutrino
spectra is shown in Fig. 3.4-2. Also, in a beam stop neutrino source all three
neutrino types are produced in equal numbers while the n~'s are absorbed before
they can decay. Thus, we have a neutrino soury of known composition. This
feature will is crucial to a high accuracy sin^ w measurement. Table 3.4-II
gives a summary of the neutrino fluxes from this beam stop neutrino source.
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TABLE 3.4-II

Neutrino Fluxes 8 m from a LAHPF II Low Energy Beam Stop v Source

(100 MA of 2.5 GeV/c protons)

v Type Flux

v ,v or

or

2.1 x 10^ v/cm 2 / sec

-2 .1 x 105 Vcm 2 / s ec

a:
o
Q.

o
z
on
3
Ui

10 20 30 40 50

NEUTRINO ENERGY (MeV)

Fig. 3 .4-1. Energy distr ibution of neutrinosi from a beam stop source.
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Fig. 3.4 2. Time-separated low-energy neutrino spectra.

3.4.1 Neutrino Oscillation Measurements. If the neutrinos are massive and
their masses are not degenerate, the weak eigenstates of the neutrinos are
generally mixtures of the neutrino states of definite mass. In Section 3.2.4 we
discussed, in connection with K -* u\> decay, one type of manifestation of
neutrino mixing. Another is the phenomenon of neutrino oscillations . Neutrino
oscillation is a transition of a neutrino flavor to a state involving also some
other neutrino flavors. Considering for simplicity only two-state mixing, the

Vj, are given in terms of theweak eigenstates of the neutrinos, say
mass-eigenstates v, and », as

sin9

and

vg = -ŷ  cosG +

vu = -vx sine + ^

The probability that \>g will appear from a source of v 's at a distance L from
the source is

sin2(20) sin2
E(GeV)

For a review see (Fr 82).
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-2 _2where E is the neutrino energy and Am = m^-m^. A measure of the disappearance
of •% from the beam is the probability P(v •• \ L ) = 1 - P(vy •+ vfi).

Therr are a number of advantages that LAMPF II would have in conducting the
next generation of neutrino-oscillation experiments. With such a low duty
factor (2 x 10 s/pulse), these experiments will have very low cosmic-ray
backgrounds. The extremely high flux allows a greatly increased counting rate,
improved signal/noise, and the potential for direct measurement and removal of
many neutrino-induced backgrounds. These advantages will allow greatly improved
limits on neutrino oscillations.

Given the in-flight neutrino fluxes described previously we can make an
estimate of the improved sensitivity for a \ -» \)fi oscillation experiment.

Event Rates Used for Oscillation Estimates

(30 uA of 45 GeV/c protons and 150 days of beam)

(1.6 x 10 1 9 protons/day)

Detector Distance # Events

1
3

10

km
km
km

11.
11.
10.

0
5
9

X

X
X

10^10?
104

The sensitivity of this experiment depends on the background rate of v 's
and on the rate of v 's. The backgrounds come from v 's from Ke-j and v events
misidentified as Mfi. In the limit of very large Am , the oscillation factor can
be replaced by its average value of 1/2, and experiments, especially appearance
ones, become very sensitive to small values of sin (29). If the background v
rate is totally beam associated and related to the \> flux by f = v / M then
the following limits may be obtained in a given experiment. It is assumes that
two detectors are used, with the near detector being used to measure the
background vfi rate.

For small Am2: Am2 sin2(29) < (-) ( f ) 1 M « _L
L #\)y Events { L

For large Am2: sin2(28) < 3.2 ( L _ _ ) 1 / 2 <* L .
#v Events

Using the previously described positively focused wide band beam having
f = 5.3 x 10 the most optimistic limits possible are given in Table 3.4-III.
Also shown, in Table 3.4-III, are the existing published limits.



4. FLAVOR INTERACTIONS 4.-41 April 1986

Table 3.4-III

VJJ -» Me Limits

(A 150 day run and a detector of 350 tons fiducial)

f = 5.3 x 10"3 and 1.6 x 1019 protons/day

Detector Distance Am2 sln2(29) sin2(29)

1 km .007 eV? 6.9 x 10~J
3 km .004 eV; 2.1 x 10";
10 km .002 eV2 6.9 x 10"*

Gosgen Reactor (Za 85) .01 eV2 0.1
(disappearance)

BNL Exp. 734 (Ah 85) — 3.4 x 10"3

Backgrounds that are not beam associated (i.e. cosmic rays) have not been
included in this analysis. If these types of background become important,
moving to longer distances does not help the Am limit.

3.4.2 A High Accuracy sin*9w Measurement. Precision measurements of the
neutral-current parameter sinz9w In various neutral current processes are of
great interest. The minimal standard model requires that all the values of
sin29y so obtained should (after including radiative corrections) agree with
each other. Moreover, the same value of sin29w should result from the formula
sin20 = 1 - (M /M ) , where M and M are the masses of the W and Z bosons,
respectively. Also, My is predicted to be

j 1/2
not

where G^ is the muon decay constant and Ar = 0.0696 ± 0.002 represents the 0(a)
radiative corrections (Ma 84). A deviation (given the masses of the t-quark and
the Higgs boson) from any of these predictions would indicate the presence of
new physics. Possible new physics includes new heavy fermions (affecting the
radiative corrections), new neutral gauge bosons, new Higgs bosons belonging to
higher than doublet representations [which would cause the parameter
p = (mv/mzcos9w) to differ from one at the tree level] and nonrenormalizable
interactions. The latter can appear, for example, in composite models.

A good candidate detector might be a 5,000 ton imaging water Cherenkov
detector similar to those currently in use as proton decay detectors (Ca 86).
The neutrinos will be generated from the decay of stopped pions and muons
produced from protons interacting in a target. Since the rt~ are absorbed on
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nuclei in the beam stop, the resulting neutrinos come only from the decay
process t.-.

n+ -> u + + v and u + -» e+ + vg + \L

The \>, v , and \> from a beam-stop source are produced in equal numbers with
known spectral shapes. Because the pion and muon have different mean-lifetimes
the short beam spill (1.5 x 10"6 sec) from the LAMPF II booster allows a time
separation of v from \L and v events. Such an experiment will measure the
ratio of v e to (v e + vge) scattering, and the events will be recorded
concurrently, thereby avoiding the systematic errors associated with accelerator
experiments at BNL and CERN that required separate data runs for neutrino and
anti-neutrino beams.

2
is t ic -we and (v e + vee) cross sections depend on p and sin 6 y .
standard model, neglecting radiative corrections, one has
o(vue) (l-4sin2ew+16/3 sin 49)

R 5 H - 3/4 $ "
<j(vye) + a(vee) (1+2

When sin 8y increases, o(v e) increases and both «r(v e) and a (ye) decrease, the
last because the charged and neutral currents interfere destructively. There is
an immediate gain, therefore, in measuring this ratio over the measurement of
the individual rates. If sin^9w » 0.22, a change of .0020 ;ln sin 9y causes a
1.7% change in R. Each reaction has a similar signature, namely that the recoil
electron has a small angle to the incident neutrino direction. The v e cros.?
section is about six times either the \Le or \'e cross sections. To measure the
ratio, v must be distinguished from vg and \L.

Using the detector mentioned previously, 100 yA of 2.5 GeV/c beam, 450 days
of data collection, and after all off-, ne analysis, there will be ~ 7,000 vue
events. This will result in a ± .0015 (0.7X) statistical error on sin29y.
Systematic errors induced by beam associated neutrons, neutrino-nuclear
interactions, and cosmic rays have been estimated to be smaller than the
statistical uncertainty (Ca 86).

3.4.3 Some Further Experimental Opportunities. In addition to the previous
experiments, the neutrino beams described above would allow a variety of other
experimental studies to be undertaken. The accuracies that could be achieved at
LAMPF II for these experiments are yet to be determined. Of interest are
measurements of the differential cross-sections for the scattering of various
types of neutrinos on electrons. Such measurements can probe, for example, the
presence of S, P, T couplings. Another class of neutrino experiments of
interest is the study of form factors in both AS = 0 and AS = 1 channels, and
also investigations of neutrino-nucleus reactions. The latter can provide
information on nuclear structure, and some of them can probe relations that

For a review see (Ro 85).
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follow from isospin invaviance and the isospin structure of the quark currents
in the minimal standard model (Va 82).

3.5 Hyperon Decays

Some of the decay modes of the hyperonS offer further opportunities to
search for new physics and to study various issues in the minimal standard
model. The full spectrum of experiments to study hyperon decays will require
two types of experimental facilities. Some experiments will involve, the use of
a K beam, probably with tagging of the hyperon by an associated pion. The other
class of experiment; will use an actual hyperon beam, a very short charged or
neutral channel, with incident protons. In both cases it is expected that these
will not be of sufficient priority to be included in the initial implementation
of facilities. Below we shall consider a few examples of experiments that could
be carried out at LAHPF II when such facilities are added.

Lepton-family-humber violating decays. Lepton-family-numbjer violating
decay modes of the usual hyperons,such as for example E+ -* pu c are sensitive
to more general interactions than the decays KL -» ue or K -» n+ue. This is
exemplified by the case, of a general axial-vector type interaction, for which
the rate for E+ -» pu^e (and similar decays) is not related to the rate for
K, -» ue, but rather to a linear combination of the KL -> ue and Kg -» ye rates (He
83a).

No experimental limits have been set as yet on the branching ratios of
lepton-tamily-number violating hyperon decays. Phenomenologically, branching
ratios as large as of the order of 10~b for E+ -> pue and sP -» &ie are not ruled
out (He83a). This follows from \ n>:<gh limit B(KS -» ue) < 10"-

5 on the K s •+ ue
branching ratio (obtained from Us* lifetime and partial decay rates of the Kg)
and the experimental limit on B(^L -» ue). Branching ratios for E+ -» pue and
2° -» Aue this large could arise' in some models with horizontal gauge
interactions, but they are unlikely, as they would require
lepton-family-number-violating interactions of very special stricture (He 83a).

A very sensitive experiment would be possible at LAMPF II to search for
E+ -> pue. It would use a 4.5 GeV/c K~ beam incident on a liquid-hydrogen
production target. The intensity of E+ would be 5 x 10 E+/s for a K" beam of
10 /s. Downstream of the LH2 production target, a magnetic spectrometer
followed by particle identification would serve to search for candidates for
Z* •* pue. With a spectrometer acceptance of IX, the experiment could have a
sensitivity at the level of 10 for a run of 10 s. It would be necessary to
have good separation between e and 1.1 because the decay I+ •* pe+e~ is expected to
occur with a branching ratio of -10 . This decay is ulso of interest as a
probe of strangeness-changing neutral currents.

Studies of CP- and T-Violation.

(l)The T-odd correlation <g.> ' jL * p\. in A -» pev. In nuclear P-decay
there IF a stringent limit -Z x 10 s 3, on the coefficient D of the T-odd
correlation <aN> • pexp*v (ffN • spin of the nucleus (Ha 83). The experimental
limit on this correlation in semileptonic hyperon decays in much weaker, only a
few times 10"1 (Li 64, Li 77). In the minimal standard', model or for
Higgs-mediated CP-violation the contribution to D is negligible, since it can
arise only in higher order. A contribution to D in first order arises, however,
in SU(2)L x SU(2)R x U(l) electroweak models, and could be as large as 10"3 -
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10"^ (He 83b, He 85). This effect in hyperon decays is independent of the
analogous effect in nuclear 0-decay, since it is governed by a different
CP-violating phase.

(2) CP- and T-violation in nonleptonic hyperon decays. Nonleptonic hyperon
decays offer new possibilities to search for CP-violation in the AS = 1
nonleptonic sector. The relevant observables for a decay such as for example
3~ -» An" are the total decay rate, the parity-violating asymmetry parameter a,
and the coefficient P of the T-odd correlation <ofi> • <oB,> x $n (for B -• B'n).
The CP-odd quantities of interest are the rate asymmetry

T(B -» B'n) - T(B -» B'n)

T(B -> B'n) + T(B -» B'n)

and the quantities

Bso, £J_g , and
a - a

(Ov 69), where a and J3 are the parameters of_ the corresponding antihyperon
decays. A recent calculation (Do 85) finds (£ + B)/(B - B) to be the largest in
several models. It is of the order of 10 in Ueinberg's Higgs model and of the
order of 10~J in the minimal standard model and in SU(2)L x SU(2)R x U(l)
models.

It is important to investigate the possibility of designing experiments to
measure these quantities and the T-odd correlation at LAMPF II. It is clear
that large quantities of hyperons and anti-hyperons are needed to acquire the
required statistics and to control systematic effects. This will not be easy,
even at LAMPF II, but the potential is there to undertake valuable experiments.

AS = 2 hyperon decays. A LAMPF II experiment could achieve a sensitivity
of 10"' for the decay 3> -» pit", which would represent an improvement of 10 over
the present limit.

The decay 3> -> pn~ changes strangeness by two units. The only effect of
such interaction seen so far is the IC, - Kg mass difference AmR, believed to be
due to the second-order weak interactions. The strength of any AS=2 nonleptoni,.
interaction that contributes to Am« Is constrained by the experimental value of
Am^. 2° J pit" due to suo.h interaction would be expected with a branching ratio
of ~10~ -10" . A S? •> pn" branching ratio as large as the present
experimental limit is possible, however, for a P-violating, CP-invariant AS=2
nonleptonic interaction, as the latter does not contribute to AmR (Gl 61).

Dynamics of nonleptonic decays. The study of the nonleptonic decay modes
of the hyperons can provide important information on the dynamics of the strong
interactions involved in these decays and on models of hadron structure. Of
particular importance appear to be the radiative decays, such as E+ -» py or
a -* E~y. A long standing puzzle here, underlying our lack of understanding of
the dynamics of nonleptonic decays is the large negative value of the
parity-violating asymmetry parameter a in E+ -» py decay (Mi 85) (which is the
only radiative decay where this parameter was measured so far) which lacks an
explanation.
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A LAHPP II experiment to measure a in E+ -> py could easily achieve a
precision of 5X. This experiment would use a 700 MeV/c K" beam incident on a
longitudinally polarized hydrogen target. The decay asymmetry would be measured
by spectrometers upstream and downstream of the target. Frequent reversal of
the direction of target polarization will reduce systematic effects. Other
radiative decays can also be measured at LAMFF II. For example, to measure the
radiative decay of S~, it would be necessary to construct a short charged
hyperon channel. To ensure polarized S~, the channel would need to be at a
nonzero angle with respect to the incident proton beam. Measurements of the
branching ratios and of the asymmetry parameters of several other decays of this
type may uncover the missing elements in the existing calculations.
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1. INTRODUCTION AND SUMMARY

1.1 Summary of Proposed Accelerator Complex

We propose to accelerate protons from 0.8 GeV to 45 GeV in two steps. The
first synchrotron, a 60-Hz rapid-cycling booster, is injected by every second
macropulse of 797 MeV H~ ions from the existing LAMPF linac and accelerates
1.5 x 10 protons per pulse to 6 GeV. The booster provides only fast extracted
beams. Fourteen of eighteen of the 6 GeV pulses (7BX) are provided to experi-
mental Area N for neutrino physics. The remaining four booster pulses (22X) are
injected into the main ring. The proposed layout of the accelerator and
experimental areas on the LAMPF site is shown in Fig. 1.1-1.

45 GeV MAIN RING

AREA
*w----^-.;--^-—V , CONTROL

f i| ROOM
PSR

800 MeV
INJECTION LINE

METERS

LAMPF II SITE PLAN
JAN 86

N

i
Fig. 1.1-1. Site Plan of the proposed LAMPF II accelerators and experimental
areas.

The second synchrotron accelerates 6.0 x 1 0 ^ protons per pulse (four
booster batches) from 6 GeV to 45 GeV at 3.33 Hz. The main ring has slow
extraction only, with fifty percent (50%) macroscopic duty factor. The slow
spill can be done in two modes, either fully debunched with microscopic duty
factor of 100%, or with rf on giving 1.75 ns pulses (FWHM) each 16.7 ns
(59.8 MHz). A summary of the parameters of the proposed LAMPF II accelerators
is given in Table 1.1-1.
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The experimental areas of LAHPF II fall naturally into two classes. The
secondary hadron beams are all produced by the 45 GeV proton beam and are
located in the existing high-energy experimental hall, Area A. In the upstream
thin target portion of Area A, facilities are provided for Drell-Yan experiments
with 45 GeV protons. Neutrino experiments will be performed in a new experimen-
tal area, Area N.

The proposed LAMPF II accelerators are simple and conventional. High
intensity is obtained by rapid cycling. This "brute force" technique requires
larger rf voltages and more rapid transfer of energy to magnets than in other
high energy accelerators. However, the circulating current is similar to
existing machines allowing reliable extrapolation of accelerator physics to the
LAHPF II design. Technology development is limited to producing efficient and
cost-effective designs. No new ground needs to be broken in control of high
intensity phenomena. Our choice of operating the main ring above its transition
energy makes the beam stable against general instabilities without nn artificial
increase of the longitudinal phase space.

TABLE 1.1-1

PARAMETER LIST FOR LAMPF II

Kinetic energy range (GeV)
Rep rate (Hz)
Number of protons/pulse
Average current (uA)
Circumference (m)
Number of super periods
Horizontal tune
Vertical tune
Transition gamma
Dipoles

Number
Length (m)
Field (T)

Quadrupoles
Number

Magnet waveform
Rise time (ms)
Fall time (ms)

Booster

0.797 - 6.0
60 n

1.5 x 101J

144
330.83

6
5.22
4.28
14.53

24
5.7

0.224 - 1.053

48
Sinusoidal

11.75
3.92

Main Ring

6.0 - 45.0
3.33 (6.67)a

6.0 x 101J

32 (64)a

1333.23
2

7.45
6.45
6.4

80
8.0

0.225 - 1.503

72
Linear
50
50

Note a: The beam current and repetition rate for the main
ring are shown for the slow extraction mode.
Operation in fast extraction mode doubles
repetition rate.

Our accelerator and experimental area parameters are the result of exten-
sive discussions in which physics output and cost were the most important
factors. Our basic strategy is to build a full set of experimental facilities
in a single slow-extracted beam area. We have proposed the simplest possible
high-energy accelerator. Significant upgrades to the accelerator are possible
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in the future. This strategy reduces the initial cost, more than doubles the
efficiency of use of protons (as discussed in Chapter 6), and allows maximal
physics output in ;he early years. Future upgrades will be done to the least
activated portion of :he facility, the accelerator.

Two types of upgrade to the LAMPF II accelerator are possible in the
future. The intensity can be increased by a factor of three to 100 uA by the
addition of a collector ring and a stretcher ring. No changes to the booster or
main ring will be required by this intensity upgrade. The second possibility is
to raise the final energy to 60 GeV. The nominal 1.5 Tesla bending magnets of
the main ring are designed for later operation at 2.0 Tesla at the cost of a
factor of two in magmet power.

There are a number of new features in this proposal which represent
significant changes from the previous version. The users of LAKPF II will
notice most the fully debunched slow extraction option with 100X microscopic
duty factor. The fast feedback around the rf amplifier will lower the effective
cavity impedance to enable debunched slow extraction. The fast feedback will
also allow higher beam loading, which will reduce rf costs (both capital a,id op-
erating) by 30% or more. The newly proposed separated function lattices have
more flexibility for unforeseen operating modes and can be upgraded to higher
final energy. We have increased the length of the straight sections of the main
ring, allowing the possibility of Siberian snakes to avoid altogether the
problems of crossing depolarizing resonances. And, finally, the new single
high-energy experimental area uses the available protons more efficiently, which
is the equivalent of a two times higher beam current than our previous version.

There have also been a number of technical improvements in the accelerator
design which will be less visible to the users, but which will contribute to
more reliable operation or greater flexibility in the future.

First, we have considered a number of alternative designs. Since none of
these were found to be more cost effective than the proposed two-ring design, we
have greater confidence that we are moving in the right direction.

The lattice designs have been changed from combined function to separated
function. This change allows the use of more symmetric magnets with smaller
undesired multipole errors, reduces stored energy in the dipoles, and enables us
to predict better the expected field errors. We have done tracking of both
rings using realistic error estimates and have found that the dynamic aperture
is larger than the worst-case phase space even with 4x the expected magnetic
field errors.

The injection scheme has been studied in more detail. Simulations now
include "plural scattering" and the long tails of energy loss due to delta ray
production in the stripper foil. Experience with Proton Storage Ring (PSR)
shows that the lifetime of 300 pgm/cm carbon foils is not a problem even with a
much larger circulating current, more foil hits, and a smaller beam spot than
will be the case in LAMPF II. The halo factor has been raised to a factor of
four because simulations showed that this is necessary to keep losses down to a
few tenths of a percent.

We have made significant progress in our study of instabilities. We now
have a calculation of the expected longitudinal and transverse impedance of both
rings using realistic elements - including kickers, rf cavities, and beam
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monitors. Bunched-beam instabilities have been considered in addition to the
coasting beam instabilities discussed in the previous proposal. Numerical
calculations have been done both for thresholds and growth times of important
modes.

Our work on the rf system has progressed in a number of important areas.
We have calculated the mode spectrum with two- and three-dimensional codes and
have compared the calculations with measurements on a full-scale prototype
cavity. The rf testsCand has been completed. The full 300 kW design power has
been delivered to a dummy load. A full-scale cavity has been constructed and
all components, including ferrite and BeO cooling rings, are on site. First
tests of this cavity with ferrite are expected by summer 1986.

We have begun a study of control requirements for the rf system and how
this interacts with beam stability. We have selected fast feedback around the
final rf stage, since this gives the best stability. Our design includes the
requirement of operating the cavities with very low voltage, under feedback
control, as is required during extraction from both rings and injection into the
main ring.

The ac power system has been investigated in further detail. It is clear
that additional power supply to Los Alamos county is required. The Laboratory
grid is adequate to distribute the power on the Lab site. A new 115 kV to 13.8
kV substation is needed for the additional average power. The large pulsed load
of the main-ring magnets must be filtered locally. We have commissioned Brown
Boveri to study the capability of a generator to handle the pulsed load. The
CTR group is planning to install a 1300 MVA Brown Boveri generator in Los Alamos
for a compact torus experiment. This generator was chosen for the design study
since it may be available to us after 1994.

1.2 Control of High Intensity Beams

High initial intensity is of little operational use unless beam losses can
be made small. We intend to keep general losses to a level of 0.1% so that
"nands on" maintenance of the accelerators is possible. For those losses which
cannot be prevented, such as those in the injection and extraction hardware,
local shielding and special remote maintenance facilities will be provided.
One-turn fast abort dumps will protect the machines from accidental spill of the
entire beam and emittance-defining collimators downstream of the extraction
systems will protect the remaining hardware from scattering in the extraction
system, emittance growth, and general halos.

A number of design features are built into the machines to facilitate mini-
mum loss operation. Above all, good diagnostics will be provided throughout the
facility, including the possibility of full measurement of the phase space and
orientation in both rings and all transfer lines. The H~ injection system
allows full control of filling of the injected phase space in all six dimen-
sions. Halo strippers are provided to clean up the long tails of the linac
beam, and dumps will catch any remaining H" or H° beam. Our bunch-to-bunch
transfer from linac to booster and from booster to main ring will minimize
capture losses. By filling less than 502 of the rf bucket, we prevent losses
during the non-adiabatic transition from coasting to acceleration in both
machines. Gaps in the beam (- six empty buckets) will be provided so that
single-turn transfer between rings and fast extraction are possible without
losses. Large apertures and conservative low tune-shifts early in the accelera-
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tion cycle will minimize space-charge problems. Low R/Q cavities with fast rf
feedback around the final amplifier and cavity will prevent losses associated
with the Robinson instability. The proposed ceramic beam pipe with conducting
stripes eliminates troubles from multipoles produced by eddy currents of the
rapid cycling guide field and fills the need for a low impedance beam pipe. Ac-
tive dampers will be provided to eliminate the instabilities that cannot be
stabilized by control of the beam environment. The special high beta straight
sections of the main ring are designed to minimize losses at the slew extraction
septum and also at the magnetic septum which will be placed 90° downstream of
the electrostatic septum.

The minimization of losses is a continuing process of attention to detail,
training of staff, and the study of accelerator physics problems. The experi-
ence to be gained at the Los Alamos Proton Storage Ring, which recently set a
new average current record of 30 uA delivered to experimenters, will be
invaluable in minimizing the commissioning time and beam losses of a high-inten-
sity facility like LAMPF II. The beam availability record of LAMPF indicates
that the Laboratory infrastructure, the staff, and the injector are ready to
meet the challenges of high-intensity at LAMPF II.

1.3 Comparison with Existing and Proposed Accelerators

The parameters of a number of existing and proposed high-intensity machines
are shown in Table 1.3-1 below:

Name

ANL IPNS
RAL ISISa

Los Alamos PSRa

FNAL Booster
KEK PS

CERN PS

BNL AGS

TRIUMF KAONd

LAMPF II

TABLE 1 .3-1

PARAMETERS OF PROTON SYNCHROTRONS

Proton
Energy
(GeV)

0.5
0.5(0.8)
0.8
8

1 2K
26b

26 'c

27.5b

27,5b

30°
30b

6e

45e

Protons/
Pulse
(x 101J)

0.17
0.5(2.5)
1.5(5)
0.3
0.4
2.2
0.5
1.64
1.2
6
6
1.5
6

Duty
Factor
(X)

0.00057
0.0032
0.00032
0.0024
18
0.00014
50
0.00018
50
0.0036
1
0.0067
50

Circ.
Current

(A)

2.3
0.5(6.
9(27)
0.3
0.6
1.6
0.4
1.0
0.7
2.8
2.8
2.2
2.2

Rep.
Rate
(Hz)

30
1) 50

12
15
0.
0.
0.
0.
0.
10
10
60
3.

6
67
38
67
38

33

Average
Current
(uA)

8
17(200)
30(100)
7.2
0.32
2.3
0.5
1.8
0.73

100
100
144
32

*In commissioning stage, design goals in parentheses.
Operating modes not available simultaneously.

^No longer available for experiments.
"European Hadron Facility will be similar to TRIUMF-KAON.
eDual energy beams available simultaneously.
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The circulating current of both LAMPF II machines (2.2A) is only slightly
above the CERN PS (1.6A) and is considerably less than that already achieved at
the Los Alamos PSR (9A). The circulating current is a good measure of the
trouble to be expected with H" injection foil lifetime and scattering and is
also important in determining the instabilities to be expected. By this
criterion, LAMPF II looks reasonably safe.

The users' measures of machine performance are secondary beam flux and duty
factor. The typical operating mode for high-energy machines like the Brookhaven
AGS has been roughly 50% slow extracted beam and 50% fast extracted beam
averaged over the past few years. For this kind of schedule, the LAMPF II pro-
posal of simultaneous 6 GeV fast extracted beam and 45 GeV slow extracted beam
would yield essentially the same duty factor and beam flux as the TRIUMF Kaon
Factory. In addition, the high energy (45 GeV) LAMPF II beam is more favorable
for Drell-Yan physics, for high-energy kaons, and for antiproton production.
The low-energy (6 GeV) fast extracted beam is preferred for neutrino oscillation
experiments. A comparison of the expected yield of secondary and tertiary beams
from several kaon factories is shown in Table 1.3-II below.

TABLE 1.3-II

NORMALIZED YIELD FROM EXISTING AND PROPOSED KAON FACTORIES

K"/Yr K~/Yr p/Yr v /Yr
(1 GeV/c) (7 GeV/c) (7 GeV/c) integrated

AGS (1984)a 1 1 1 1
TRIUMF-KAONa'b 139 161 176 68
LAMPF IIC 100 187 290 61

"Assumes 50% slow extraction, 50% fast extraction.
"European Hadron Facility is identical.
Simultaneous slow extraction and fast extraction.

In comparing the LAMPF II and other kaon factory proposals, one should take
note of the following technical points:

1. The LAMPF II magnet apertures include a factor of 4 increase in
acceptance for clearance of the beam halo. Experience at LAMPF
indicates that large apertures are necessary to ensure low losses.

2. The LAMPF II rf buckets will be filled no more than 50% full in order to
avoid longitudinal losses which begin at 65%. The 43% bunching factor
calculated is the result of a Monte Carlo simulation of the proposed in-
jection scheme with 50% bucket filling.

3. The LAMPF II cavities will be tuned with perpendicular biased ferrites
which have extremely low losses. The natural R/Q of the _avities, which
is approximately 40 8, minimizes beam loading problems. Because of the
perpendicular bias, it is possible to get a much higher bandwidth in the
bias field. Parallel bias tuners would have trouble providing the rapid
tuning required in a 60 Hz machine. Thus, the proposed LAMPF II rf
system is the best choice from the point of view of efficiency, beam
loading, and tuning bandwidth.
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4. The low Yt main ring proposed for LAMPF II results in better stability
at extraction time than an infinite rt main ring.

5. The linear ramp power supply proposed for the LAMPF II main ring is more
flexible than the resonant system. In particular, front porches and
variable repetition rates can be easily obtained. We have also calcu-
lated that this system is cheaper initially and uses less operating
power.

6. The two-ring machine proposed for LAMPF II will be easier to operate
than any other kaon factory. LAMPF II will also have smaller beam
losses because there are fewer transitions between rings. Transitions
between rings give significant operating problems, emittance growth, and
beam losses at all existing high-energy facilities.

1.4 Alternatives

The proposed two-ring design for LAMPF II is the most cost-effective of
many scenarios considered. We enumerate here those alternative versions which
were studied to the level of a cost estimate and the factors which led to their
rejection.

Early designs for LAMPF II used one ring. These designs had to contend
with a large phase-space acceptance, crossing transition, and very high rf
voltage with broadband tuning. The best version was the 45 GeV variable
transition energy design of Franczak (Fr 84). Our cost estimate indicated that
the one-ring accelerator is approximately 30% more expensive than the adopted
two-ring design.

Another scheme for eliminating the booster involves building a new
high-energy linac to replace LAMPF as an injector. A cost-optimized injector
which fits in the LAMPF tunnel is a 3.7 GeV linac. This linac would have to
deliver 797 MeV beam to PSR, 200 uA to a neutrino target (same beam power as
6 GeV booster), and 32 pA (chopped) to the LAMPF II main ring. The installed
cost of a 3.7 GeV linac is estimated at $88 million (1985 dollars without
contingency), compared with the $42 million booster it replaces. The use of
3.7 GeV H" causes some problems which have not been solved, requires a large
radius of curvature switchyard that makes re-use of Area A impossible, and
requires a much longer shutdown of PSR than our two-ring proposal.

One of the reasons that the high-energy linac option is expensive is that
it must provide a high duty factor and serve several users simultaneously. A
way around these problems is to provide a linac in the injection tunnel to raise
the injection energy of LAMPF II. We have done a cost-tradeoff study of this
option. The total cost of linac, booster, main ring, and the linac power
consumption is shown in Fig. 1.4-1. The optimum energy for injection into the
booster is so close to 800 MeV that it is not worthwhile to consider the
complications of an additional linac in the injection chain.
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Costs vs. Linac Energy
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Fig. 1.4-1. (a) Total material cost of LAMPF II accelerators vs. linac energy,
(b) Power consumption of LAMPF II accelerators vs. linac energy.

Both the TRIUMF and European Hadron Facility groups have proposed
accelerators with a dc collector ring between the booster and main ring and a
stretcher ring to achieve 100% duty factor. We have studied this scheme for
LAMPF II and find that to achieve 100 pA at 45 GeV costs on Che order of
$30 million more for material than the two-ring 32 uA design. Because the dc
rings use components - i.e. magnets, rf, vacuum, etc. - which are different
from the rapid cycling rings, there is at least a 200 man-year per ring cost in
ED&I and installation. Furthermore, counting project management, contingency,
and inflation, the cost will be at least $80 million. The dc rings will not
only raise the initial cost but also will make rapid construction of the
machines more difficult and extend the commissioning process. We have chosen,
instead, to make provision for a later upgrade by adding collector and stretcher
rings. By these additions, the output current of LAMPF II at 45 GeV can be
raised to 100 uA without booster or main ring changes.

Recently, it has been suggested that a superconducting linac might be an
attractive alternative. Proven designs at 5 MeV per meter gradient exist, with
greater than 20 MeV per meter demonstrated in single cavities. Recirculation of
protons looks difficult below velocities of 0.9999x the speed of light (65 GeV).
Thus we consider a single linac of 45 GeV. At 20 MeV/meter, this requires a
2.25 km linac. At $100 K/meter, the structure alone would cost $225 million.
This equals the approximate cost of the two proposed synchrotrons including
buildings, installation, ED&I, project management, and contingency. Thus, at
the present time, it appears that a superconducting linac is more than twice as
expensive as the proposed rapid-cycling synchrotrons. Should a major
breakthrough in superconducting linac technology occur, we will re-evaluate this
opcion.

There remains one possibility for a cost-effective machine still to be
evaluated. Superconducting magnets for the main ring might allow a shorter
tunnel and lower operating cost than the proposed room-temperature main ring. A
careful study is needed to determine whether the superconducting magnet
alternative is more cost-effective than room-temperature magnets. We expect to
study the superconducting magnet option in the next year.
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2. LATTICE DESIGN

The LAMPF II lattice designs were chosen on the basis of cost, simplicity,
and flexibility. Our initial cost study showed that considerable initial
savings are available if all dc rings are eliminated. For the LAMPF II design,
we chose to constrain the lattice to two rings with multiturn H" injection in
the booster and slow extraction in the main ring.

A major decision taken early was the decision to avoid the crossing of
transition. A single ring design with variable transition was considered (Fr
84), but two ring versions were found to be cheaper. The cheapest version was a
high transition energy booster with a low transition energy main ring.
Transition is avoided by injecting the main ring at an energy above its
transition. It is straightforward to see why this is the cheapest solution. A
lattice with high or imaginary transition energy has larger beta functions and
higher dispersion than the corresponding "normal" transition energy lattice from
which it has been derived. In the booster, this extra beam size is useful since
it serves to reduce the Laslett tune shift, and the phase space is adjusted to
give a predetermined tuns shift. In the main ring, the tune shift is less
important and the smaller beta functions of a "normal" lattice lower the magnet
and power supply cost. The LAMPF II main ring is the lowest transition energy
design with beam size mostly determined by transverse phase space. Lower
transition energy (lower tune) versions have larger dispersion.

We chose the lowest possible superperiodicity for the main ring in order to
have very long straight sections. These long straight sections,(more than 210
meters each) allow the slow extraction system to be located entirely in one
straight section, permit the installation of "Siberian snakes" to avoid
depolarization resonances, and allow us to put the rf system in two groups, thus
saving costs for providing utilities and controls. The dispersion in these two
straight sections is zero, and the cost (in space) of providing dispersion
suppressors to match zero dispersion to the arcs is smaller than in a high
superperiodicity ring because only two dispersion suppressors are required.

The booster lattice has a relatively low superperiodicity (6) in order to
have long straight sections for injection, extraction, and rf. In the case of
the booster, we chose to accept the relatively high dispersion caused by the
choice of high transition energy in the injection and extraction straight
sections. The dispersion (and angular dispersion) is more than three times
lower in the straight sections used for rf stations. The high rf
superperiodicity (6) and the choice of a tune reasonably far from the
superperioaicity minimized problems with synchrotron-betatron oscillations.

A systematic procedure has been used to determine the aperture of each
magnet. We start by adjusting the vertical phase space of the booster at
injection time to give a vertical Laslett tune shift of 0.13, assuming a beam
which is the projection of a uniformly-filled ellipse in two dimensions. (Note
that there is an additional 0.06 tune spread resulting from the finite
chromaticity.) The horizontal phase space is chosen to be equal to the vertical
phase space because we find no reduction in magnet cost if the ratio of
horizontal to vertical phase space is larger than one. We determine the
momentum spread from our choice of rf program, using a bucket which is filled no
more than half full. In order to account for tails, nonlinear size terms, and
matching errors, we use a transverse phase-space area in each plane four times
larger than the circumscribing ellipse of a uniformly-filled ellipse in two
dimensions. To this is added the dispersion times 6p/p. We allow ±10 mm (±5 mm
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vertical) clearance to the vacuum chamber for closed orbit distortions and an
additional ±6.5 mm vertical for vacuum chamber wall thickness and clearance to
the pole tip. The results of the space charge calculation and aperture
calculations are summarized in Table 2.-I.

The main ring arc regions are designed to be tightly packed, with only the
minimum drift spaces required for instrumentation and correcting magnets. At
the ends of each arc, a dispersion suppressor is provided to match the zero
dispersion of the straight sections into the long arcs. We required tunes close
to the "second-order achromat" of Karl Brown (Br 79). This choice of tune for
the arcs minimizes the sensitivity to sextupoles in the dipoles. Such
sextupoles are unavoidable because of the saturation of the iron yokes at high
field and the remanent field at injection time. The zero dispersion of the
straight sections, which results from the integer tune of the arcs, allows
placement of a large number of rf cavities anywhere in the straight section
without fear of coupling to synchrotron-betatron oscillations.

Slow extraction is provided in the main ring. The long straight sections
have a high beta (Px = 437 m) at the center for placement of the electrostatic
septum for slow extraction. In addition, the cell between the electrostatic and
magnetic septum is required to have a 90° phase shift, to be symmetric about the
center of the cell, and to have a large R ^ matrix element (R^ = 100 m) • This
choice minimizes spills at the magnetic septum, which is normally the most
radioactive element in existing slow extraction systems.

2.1 Booster Lattice

The booster lattice is of the separated fun^Lion type. The design is
derived from a regular FODO lattice in which every second cell is constructed
without bends ("missing magnets"). In order to obtain a high transition energy,
it is necessary to perturb the lattice at a frequency near the horizontal tune.
We chose the tune near 5.2 with a six-fold symmetry of the lattice. The basic
perturbation used was a change in the drift length of the missing magnet cells.

The quadrupole strengths were also perturbed with the same symmetry as the
drifts. We adjusted four quadrupole strengths in order to meet the requirements
of \> = 5.23, \) = 4.28, a dispersion crossover at the center of the f quad
(QFB) located between adjacent bends, and a y waist at the center of the same
quadrupole. The four parameters used to meet these requirements were the
strengths of QFA, OFB, QDA, and QDB. We also required that QFB and QFC have the
same strength. The resulting parameters of the magnets are given in Table
2.1-1, and a scale drawing of the complete lattice is shown in Fig. 2.1-1. Note
that each superperiod is mirror symmetric about the center of QFC. The beta and
dispersion functions for the booster lattice are given in Fig. 2.1-2. The
transition gamma of the booster lattice is 14.76 (12.91 GeV). The beam size in
the magnets (including halo) is given in Fi£ 2.1-3.
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LAMPF

Injected emittance
ex (n mm-mrad)
ey (n mm-mrad)
e~ (eV-sec)
dp/p (xlO~2)

Maximum Laslett tune shift

bunching factor

Max
3X <m)
3y (m)
dispersion (m)

Uncorrected Chromaticity

^ = ( 3 V X A ! X ) / ( 9 P / P )

Apertures
Dipole

w/2 '^ood field/2)
gap/z. (good field/2)

Quadrupoles
bore radius

Note a: First number is circ

5.-13

TABLE 2.-I

II LATTICE TABLE

Booster

15 (60)a

15 (60)a

0.078
± 0.4

-.066
-.130
0.33

26
26

5.0 (10)c

-1.1
-1.4

+ 47 mm (42 mm)
± 46 mm (39.5 mm)

68 mm
94 mmd

:umscribine elliDse

April 1986

Main Ring

3.1 (12.4)a

3.1 (12.4)a

0.10
± 0.2

-0.010
-0.085
0.15

62 <437)|>
68 (104)b

8.1

1.3
-1.2

62.0 mm (57.0 mm)
37.5 mm (30.9 mm)

c n eoo mm
94 mm

of uniformly
filled beam in two dimensions, number in parenthesis
includes tails of beam distribution.

Note b: First number is maximum in arc region, number in
parenthesis is maximum in straight section.

Note c: First number is maximum in cells containing dipoles,
number in parenthesis is maximum at center of large
quadrupole.

Note d-f: d) is large quad in booster long straight sections,
e) is arc quad, f) is large quad in straight section.
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TABLE 2.1-1

BOOSTER LATTICE

Magret Parameters for 1/2 Superperiod at 6 GeV

April 1986

Name

QFA

QDA

QFB

QDB

QFC

Element

Drift
Quad
Drift
Quad
Drift
Bend
Drift
Quad
Drift
Bend
Drift
Quad
Drift
1/2 Quad

Length
(m)

0.500
0.700
5.868
0.60
0.50
5.70
1.00
0.60
1.00
5.70
0.50
0.60
4.00
0.30

Pole Field
(Tesla)

0.

0.

1.

0.

1.

0,

0,

320

455

053

,448

.053

.366

.448

Dimension
(mm)

r = 94

r = 68

g/2 = 39.5

r = 68

g/2 = 39.5

r = 68

r = 68

(mm)

w/2 = 42

u/2 = 42

Function

Stripper

inj/extr

15° Bend

15° Bend

rf

••f

LAMPF D 6 GeV Booster

Jan 86

• HF Quadrupole
a HD Quadrupole

<=> RF Station
i=i Dipole

Fig. 2 . 1 - 1 . Plan view of LAMPF II booster .
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o c o m 8 imimi

28

DISTANCE (m)

Fig. 2.1-2. The betatron and dispersion functions through one superperiod of
the booster lattice.

EDICT I EDICT

28

DISTANCE (m)
56

Fig. 2.1-3. Half-beam sizes in one superperiod of the booster lattice,
assumed emittances ex = e = 60 n mm-mrad and dp/p = ±0.4%.

The
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The booster lattice has a number of features which are unusual and should
be discussed further. The average tune is low (78.3° per cell horizontal and
64.2° per cell vertical); this results in a chromatic!ty near the natural value
of -1.3 in both planes. The requirements of a dispersion crossover and a y
waist in quadrupole QFB lead to a minimum cost for the dipoles. These
constraints also make the chromaticity insensitive to a systematic sextupole
component in the dipoles. The design does not include sextupole correction
elements, but space exists in the lattice if they are needed. Sextupoles can
control the chromaticity for suppression of transverse coherent instabilities.
Harmonic sextupoles would be needed if the tunes are raised above the design
values.

All lattice designs with rt far from the natural value suffer from the
problem that the dispersion is large in a portion of each superperiod. The
LAMPF II booster has a large dispersion (10 meters) in the long straight
sections near quadrupole QFA. However, the extra aperture required to
accommodate the large dispersion is required only in QFA. The shorter straight
sections near QFC have a smaller dispersion (-3 meters). These shorter straight
sections will be used for rf. There is room for up to four single gap cavities
per superperiod. Initially, we plan to install three cavities per superperiod.
The six-fold symmetry of the rf and the choice of betatron tune between cavities
far from an integer (A^x = 0.87, Av = 0.71) makes the proposed lattice
insensitive to synchrotron-betatron oscillations despite the large energy gain
per turn and moderate synchrotron tune-

2.2 Main Ring Lattice

The main ring is composed of four functionally different lattice cells, one
each for the arc, the dispersion suppressor, tha matching region, and the
high-beta section. Figure 2.2-1 shows the location of these various cells
around one quarter of the ring. All of the cells use separated function
magnets. The decision to keep the transition energy below the injection energy
of 6 GeV implied a set of relatively low tunes — \>x = 7.45 and \> = 6.45. A
fractional tune near 0.5 was chosen to facilitate slow extraction ana to work in
the region between 0.33 and 0.5 which is free of sum resonances of order less
than 5. The tune diagram is shown in Fig, 2.4-2. The calculated transition
energy of this lattice is 5.06 GeV. The betatron and dispersion functions
through one machine superperiod are plotted in Fig. 2.2-2a. The corresponding
beam sizes through this region at 6 GeV are graphed in Fig. 2.2-2b.

The lattice design for the arcs consists of eight cells having the
configuration of magnets shown in Fig. 2.2-3. Each cell is tuned to have a
phase advance of 90° in the horizontal plane and 80.8° in the vertical plane.
This small departure in vertical focusing from the standard second-order
achromat design (Br 79) produces no significant effects and allows a choice of
tunes that differ by 1.0 between the horizontal and vertical planes. The
proposed design puts waists at or near the centers of the quadrupoles and
minimizes the number of parameters required to match the beam between different
sections. This design also puts the sextupole magnets in effective locations
and allows space for diagnostic and corrective devices. The parameters for the
arc cell are given in Table 2.2-1.



5. ACCELERATORS 5 . - 1 7 Apri l 1986

QD2 I QD3
QF2

-High-Belo-

QD3
OF 3

25 50

Maler*

1/4 Section Layout
LAMPF JL Main Ring

45 GeV

Fig. 2.2-1. Layout of 1/4 of the LAMPF II main ring. Magnets labeled QF and QD
are horizontally focusing and defocusing quadrupoles while those labeled B are
dipoles. Sextupoles (not shown, refer to Fig. 2.2-3) are located to the left of
the quadrupoles in the arc and dispersion suppressor sections.

5C0

- MAA/\AAAAv-i

333.5

DISTANCE (m)

10 80

E
E
<v
N

C/5

667 333.5

Distance (m)
667.5

Fig. 2.2-2. (a) Behavior of indicated functions through a main-ring
superpcriod. (b) First-order beam sizes expected at 6 GeV.
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Meters

Fig. 2.2-3. Layout of one cell in the arc of the LAMPF II main ring. Dl and D2
are drifts, QF and QD are horizontally focusing and defocusing quadrupoles, B
denotes bending magnets, and SF and SD are stxtupoles.

Two dispersion suppressor cells are appended to each end of the two arcs.
These cells have the same horizontal and vertical phase advances as the arc
cells but only half the total bend. Specifically, each pair of bending magnets
is replaced by a single bending magnet centered on a point between the pair it
replaces. The amplitude functions are matched by adjusting the distance between
adjacent quadrupoles and the exact location of the bending magnet between them.
Table 2.2-II lists the parameters for the dispersion cell.

TABLE 2.2-1

PARAMETERS OF MAIN RING ARC CELL AT 45 GeV

Name

QD
Dl
BEND
Dl
BEND
D2
QF
Dl
BEND
Dl
BEND
D2
QD

Type

Quad
Drift
Bend
Drift
Dend
Drift
Quad
Drift
Bend
Drift
Bend
Drift
Quad

Length
(m)

0.5
0.5
8.0
0.5
8.0
1.5*
1.0
0.5
8.0
0.5
8.0
1.5*
0.5

Pole Field
(Tesla)

-0.689

1.503 (4.5°)
-

1.503 (4.5°)
_

0.754
_

1.503 (4.5°)
_

1.503 (4.5°)
_

-0.689

Dimension
(mm)

r = 68

g/2 =37.5
_

g/2 = 37.5
_

r = 68
_

VI = 37.5

g/2 = 37.5
_

r = 68

(mm)

_
w/2 . 62

_
w/2 = 62

_

_
w/2 = 62

_
w/2 = 62

_

Includes sextupole.
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TABLE 2.2-II

PARAMETERS OF A MAIN RING DISPERSION SUPPRESSOR CELL AT 45 GeV

Dimension

(mm)

Name

QDl
Dl
DB
BEND
DBC
D2
QF1
Dl
DB
BEND
DBC
D2
QDl

Type

Quad
Drift
Drift
Bend
Drift
Drift
Quad
Drift
Drift
Bend
Drift
Drift
Quad

Length

(m)

0.5
0.5
3.686
8.0
4.667
1.5*
0.5
0.5
3.686
8.0
4.667
1.5*
0.5

Pole Field

(Tesla)

-0.680
_
_

1.503 (4.5°)
_

0.757
-
_

1.503 (4.5°)
_
_

-0.680

Dii

(mm)

r = 68
_
-

g/2 = 37.5
_
_

r = 68
-
-

g/2 = 37.5
_
_

r = 68

w/2 = 62

w/2 = 62

Includes sextupole.

Each long straight section is symmetric about its center with each half
consisting of a short matching cell and a high-beta cell. This latter cell
contains two quadrupole doublets that are symmetric about their center. The
phase advance through this cell is adjusted to be 90° in both planes.
Figure 2.2-2a shows |3X = 437 m and 0 = 33 m at the center. These values can be
adjusted over a small range using the matching cell; this cell is a quadrupole
doublet that serves to match the beam in both planes from the dispersion
suppressor to the required input conditions for the high-beta section. It is
also in this cell that the fractional tune in the horizontal plane (0.45) is
set. The final length of the straight sections was chosen to give the
circumference of the main ring the desired harmonic number relative to the
booster, namely, 266 vs 66. The parameters for the matching and high-beta cells
are given in Tables 2.2-III and 2.2-IV, respectively.

TABLE 2.2-III

PARAMETERS OF MAIN RING MATCHING CELL AT 45 GeV

Name

D4
QD2
D3
QF2
D5

Type

Drift
Quad
Drift
Quad
Drift

Length
(•")

2.344
1.0
3.334
1.0
5.156

Pole Field
(Tesla)

-0.697
_

0.865
_

Aperture
(mm)

r = 68

r = 68
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Name

D14
QF3
DM
QD3
DM
DM
QD3
D14
QF3
DM

PARAMETERS OF

Type

Drift
Quad
Drift
Quad
Drift
Drift
Quad
Drift
Quad
Drift

5.-20

TABLE

MAIN RING

Length
(m)

14.178
0.5
14.178
0.5
14.178
14.178
0.5
14.178
0.5
14.178

2.2-IV

HIGH-BETA CELL

Pole Field
(Tesla)

0.621
_

-0.621
-
_

-0.621
-

0.621

A

AT 45 GeV

Aperture
(mm)

r - 94
_

r = 94
-
_

r = 94
-

r = 94
_

At this stage in the design process, the optimum value for the chromaticity
of the main ring is not known. The strategy adopted for this proposal is to
incorporate sextupole magnets in the lattice and assume their fields can be
programmed through the control system. The sextupole magnets identified in
Fig. 2.2-3 are positioned at optimum locations where the betatron oscillations
have their maximum and the dispersion is large.

In the main ring, the natural chromaticity is -1.30 for horizontal and
-1.22 for vertical motion. The correction to zero or to a specific value can be
achieved by any one of the following schemes (plus others). (1) Use all of the
sextupole magnets, treated as two interlaced families, to set the chromaticity
to the desired value. (2) Use the sextupoles in the arcs to produce a given
value of chromaticity in the arcs and then use the sextupoles in the dispersion
suppressors to adjust the chromaticity of the whole ring. (3) Use the
appropriate noninterlaced collection of sextupoles in the arc (Se 79) to produce
a given value of chromaticity in the ring. None of the arrangements above
require unreasonable sextupole fields as can be seen in Table 2.2-V.

Another unknown factor which has to be compensated is the systematic
sextupole error in the bending magnets. This class of error can be tuned out
with two interlaced families of sextupole magnets. The fields required,
assuming the errors from Table 7.2-1, are listed on line (4) of Table 2.2-V.
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TABLE 2.2-V

April 1986

SEXTUPOLE FIELDS

Pole Tip Fields (T) Producing Zero Chromaticity
(aperture radius = 67 mm; length = 0.5 m)

Tuning Algorithm

1) Two interlaced families.
2) Four interlaced families.
3) Four non-interlaced families

(uses only 8 out of 24 sextupoles
4) Two interlaced families tuning

out sextupole errors in dipoles
from Table 7.2-1-

Arc
SF

0.0105
0.0060
0.0457

SD

-0.0177
-0.0112
-0.0283

0.0141 -0.0124

Dispersion Suppressor
SF1 SD1

0.0105
0.0131
-0.0061

-0.0177
-0.0231
-0.0524

0.0141 -0.0124

2.3 Tracking

The program DIMAD (Se 85) has been used to study the performance of both
LAMPF II synchrotrons in the presence of errors in the magnetic field produced
by imperfect magnets. DIMAD is particularly useful for this purpose since it
alone among the ir.any available tracking codes is capable of treating
simultaneously finite-length magnets, synchrotron oscillations, misalignments,
and closed-orbit corrections. Approximate symplectic tracking makes it possible
to study up to several thousand turns in a few hours on a VAX 8600 computer
without phase space growth due to truncation of transport elements at second
order.

in order to perform a tracking calculation with synchrotron oscillations
using DIMAD, it is necessary to include a pseudo-cavity operating at the
synchrotron frequency with voltage chosen to give the correct amplitude of
momentum oscillation. This correctly simulates the transverse motion coupled
with momentum but does not properly keep track of the longitudinal position of
the particle within f.he bunch. This problem, with the version of DIMAD in use,
results from the assumption that all particles travel at the speed of light but
is of no consequence for the results presented. Later, we will modify DIMAD to
track protons so that the effects of space charge can be correctly evaluated in
tracking runs.

2.3.1 Tracking in the Main Ring. The effects of magnetic field errors,
second-order aberrations, and single-particle instabilities can be simulated by
tracking for many turns a particle placed on the ellipse defining the extreme
horizontal and vertical emittances at injection. To set the stage for the
simulation, the systematic and random errors from Table 7.2-1 were programmed
into the elements of the main ring as thin multipoles. In order to have a
well-defined problem for tracking purposes, the correction sextupoles were
adjusted to return the chromaticity of the ring in the presence of magnet errors
arbitrarily to its natural value in both planes. The phase space appropriate to
injection is 12.4 n mm-mrad in both transverse planes (including allowance for
halos) and dp/p = ±0.3%. The oscillations were driven by an rf pseudo-cavity in
each superperiod.
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Fig. 2.3.1-1. (a) Phase space plot from tracking a particle for 2000 turns
through the main ring vith four times (Ax) the maximum errors from Table 7.2-1.
The particle is representative of the maximum phase space of 12.4 n mm-mrad and
dp/p = ±0.3%. The main ring was tuned to natural chromatic!ty. The solid
ellipse corresponds to the unperturbed maximum phase ellipse at the point of
observation. (b) Same tracking run as for Fig. 2.3.1-la but with chromaticity
tuned to zero.
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Fig. 2.3.1-2. (a; Same tracking run as for Fig. 2.3.1-la but with octupole
components of the dipole fields set to zero, (b) Phase space plot of extreme
particle after 12,000 turns through the main ring tuned to M = 7.45 and v =
6.41. All magnet errors were present at 4x their expected value and ¥he
chromaticity was tuned to zero in both planes. The final operating point will
be chosen to avoid known resonances.
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Figure 2.3.1-la shows the horizontal phase space after tracking a particle
for 2000 turns through the main ring in which the errors had been scaled up by a
factor of 4 over those given in Table 7.2-1. The unperturbed phase ellipse is
shown to emphasize the growth in effective phase space that took, place. An
investigation into the cause of this growth identified chromatic!ty and the
octupole component of the dipoles as the major contributing factors. To support
this conclusion Fig. 2.3.1-lb shows the output of a tracking run identical in
every respect to the one in Fig. 2.3.1-la except that the correction sextupoles
were adjusted to zero the chromaticity in both planes. Similarly, Fig.
2.3.1-2a demonstrates the effect on Fig. 2.3.1-la of turning off the octupole
components of the magnet imperfections.

However, the most important observation of the tracking studies relates to
the tune diagram., Fig. 2.4-2. The operating point chosen (\>x = 7.45 and v =
6.45) coincides with a difference resonance of small but finite width. To
measure the effect of this resonance, the main ring was retuned to \>x = 7.45 and
v = 6.41. The phase space plct resulting after 12,000 turns through the main
ring with errors (including octupole compone.its) four times larger than
projected is shown in Fig. 3.2.1-2b. The number of turns simulated is
consistent with the time the beam spends circulating after injection and before
acceleration. This period is the one most susceptible to emittance growth from
magnet errors. In out final design the operating point will be positioned away
from this resonance.
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-20 -10 0 10 20

s (mm)

Fig. 2.3.1-3. (a) Result of tracking extreme particle for 12,000 turns in
main ring tuned for vx = 7.45 and v = 6.38 and chromaticity set to produce
Avx = ±0.01 and Av = ±0.07 for dp/p = ±0.32. All magnet errors present at 4x
their expected value. Spaca charge effects at injection produce a tolerable
growth in the effective emittance. (b) Tune shift vs. momentum spread for
LAMPF II main ring with 4x maximum tolerable field errors from Table 7.2-1. The
horizontal tune is shown as a solid line; the vertical tune is dashed.
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Another force which operates predominantly during the injection period is
space charge. The effect of this force is to drive the single particle tunes of
the main ring around the shaded portion of the tune diagram in Fig. 2.4-2. To
simulate the consequences of this variation, the operating point of the main
ring was retuned to M X = 7.45 and v = 6.38, the center of the shaded region.
Then the chromaticity was adjusted in both planes with the correction sextupoles
so that the momentum spread of ±0.3% would drive the tune over the ranges t\ -
±0.01 and Av = ±0.07. In that way a particle traversing the accelerator 12,000
times would experience the effects of the different tunes implied by the shaded
region. The output of such a run is shown in Fig. 2.3.1-3a. The growth in
emittance from the combined effects of space charge and magnet imperfections (4x
those in Table 7.2-1) is modest and well within the aperture constraints.

Finally, Fig. 2.3.1-3b shows the dependence of tune on momentum when the
correction sextupoles are set to produce zero chromaticity in both planes. The
deviation of the curves from the line iv = 0 is due to magnet imperfections.
This particular analysis was made with 4x the projected magnet errors from Table
7.2-1. Even so, the variation is judged to be sufficiently small over the range
of momenta expected in the beam.

2.3.2 Tracking in the Booster. The setup procedure used for tracking the
booster. However, it was not necessary to
the booster because its lattice is relatively

dipoles. This fact is

main ring was repeated for the
readjust the chromaticity of
insensitive to the systematic sextupoln errors in the
demonstrated by Fig. 2.3.2-1 which shows that the tune of the booster changes
very slowly with momentum, even with 4x the expected sextupole errors in the
dipoles.

0

-1.0

dp/p {%)

Fig. 2.3.2-1. Tune shift vs. momentum spread for the LAMPF II booster with four
times the maximum tolerable field errors from Table 7.2-1. Horizontal and
vertical tune shifts are essentially the same.
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The phase space chosen for tracking studies was 60 rt mm-mrad in both
uanverse planes and a maximum dp/p = ±0.3% in the longitudinal plane. Even
with this large phase space the effects of the errors were insignificant after
5000 turns. The errors had to be scaled up by a factor of 4 and tracked for
12,000 turns before any growth in the emittance was noticed. Figure 2.3.2-2
shows the accumulated effects in the vertical plane from such a run. This
vesvilt leads us to conclude that for the booster as well as the main ring we
have a safety margin of at least 4 on the magnet construction tolerances given
in Table 7.2-1.
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Fig. 2.3.2-2. Phase space plot from tracking a particle for 12,000 turns
through the booster with four times (4x) the maximum errors from Table 7.2-1.
The particle is representative of the maximum phase space including halo of
60 n mm-rad and Ap/p = ±0.3%.

2.4 The Tune Diagrams

Figures 2.4-1 and 2.4-2 show the tune diagrams for the booster and main
ring, respectively. All nearby resonance lines with order up through five are
shown. The dotted lines represent difference resonances. These resonances and
resonance crossing phenomena are discussed in Sec. 6.1. The working points are
at the upper right-hand parts of the shaded areas. For the booster v = 5.22
and M = 4.28, and for the main ring \>x = 7.45 and v = 6.45. The shaded
regions represent the calculated range of single particle tunes only under the
influence of space-charge forces at injection; spreads due to non-zero
chromaticity are not shown in these figures. A parabolic charge distribution is
assumed in the x-y space; these results are a factor of 1.5x more pessimistic
than one obtains from the uniform distribution (used to calculate the Laslett
tune shifts in Table 2-1). Nevertheless, the motion is still stable against the
integer resonances.
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Fig. 2.4-1. Tune diagram for the LAHPF II booster.
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Fig. 2.4-2. Tune diagram for the LAMPF II main ring.
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We have also evaluated the effects of the assumed transverse space charge
defocusing upon the first-order betatron and dispersion functions, Since the
tunes are reduced we do observe a growth in the betatron amplitudes but the
increases are less than 10% in the booster and less than 5% in the main ring.
Similarly, the perturbations in the dispersion are less than ±0.3 n in the
booster and less than ± 0.1 m in the main ring. These perturbations are safely
contained in the large halo factor used to estimate magnet aperture
requirements.
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The injection system for the booster must collect beam from the linac for
one millisecond. In the injection process, the six-dimensional phase-space
output from the linac must be increased by a factor of ~ 10J to match that
required for stability in the synchrotrons. This phase-space increase must be
accomplished with no pathological correlations among the six dimensions and
minimal granularity of the final beam. The only method for handling the large
number of turns required with small losses is H" injection.

3.1 Layout

The proposed injection scheme starts with a stripper foil at the center of
a large quadrupole in a long straight section. At this location, there is a
six-dimensional waist, which minimizes the effects of interaction of the beam
and foil. A vertical closed-orbit bump will be used to deflect th.~ beam onto
the foil. The booster beam is at a small vertical waist on the stripper foil,
so there is plenty of room in the large quadrupole for a vertical bumped beam.
The geometry of the injection process at the plane of the stripper foil is shown
in Fig. 3.1-1.

100 mm

Fig. 3.1-1. LAMPF II injection geometry at stripper foil. The solid spot is
the "monochromatic" linac beam, the darker ellipse represents the core of the
beam (15 it mm-mrad), the lighter ellipse is the allowance for halo
(60 n mm-mrad). The linac beam will be offset from the closed orbit in both the
x and y planes as shown in ordar to fill transverse phase space. The phase of
the synchrotron rf with respect to the linac will be painted to fill
longitudinal phase space.
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Many possibilities for filling six-dimensional phase space have been
considered. We have chosen a simple method which gives the operator complete
control of all six dimensions yet requires no rapidly varied "painting magnets"
and utilizes constant energy beam from the linac. tfe will fill the (x,x') and
(y>y') planes by injecting the beam vith a small x and y offset from the closed
orbit, respectively. The phase of the synchrotron rf will be swept with respect
to the linac to achieve longitudinal filling. Because the betatron tunes in the
two transverse planes and the synchrotron tune are not commensurate, the filling
of six dimensions will be smooth and free from correlations.

Filling of transverse phase space vas studied at the CEP.N PS Booster
(De 8C). In this WOLSC, the quantity G wi.s defined. G is the factor by which
the measured vertical tune shift exceeds the Laslett tune shift for a
uniformly-filled ellipsoid in 2 x 2 dimensions [(x,x') and (y,y')]. At CERN,
G = 1.55 was achieved. Usii.j the LAMPF II parameters, the measured LAMPF linac
emittance, and an input beam ae the stripper which is dispersion matched to the
synchrotron, it will be possible to obtain G close to one. By sweeping the rf
phase according to the square root of the time, the longitudinal phase space
will be distributed as the projection of a uniformly-filled two-dimensional
ellipse. By starting painting at the center of longitudinal phase space, ve
avoid trouble with the rf phase control feedback system during filling. Ue have
chosen to fill no more than half of the available rf bucket at injection time in
order to avoid losses from the bucket during the non-adiabatic transition
between coasting and acceleration that is unavoidable in a rapid cycling machine
like the LAMPF II booster.

H DUMP

H

H

Fig. 3.1-2. Schematic of vertical injection system in long straight section
booster. Note that a dump is provided for unstripped H°.

of

The control of transverse phase space is obtained by a combination of
offset and mismatch. If the linac phase space were zero, then the offset would
generate a K-Y distribution (Ka 59) [hollow in (x,x') and (y,y')J, with

1 ™ N ' 'T" o m By adjusting the incoming beam size such that
than the rms linac beam, the hollow beam can be

projection (l-xz)"u-J (Jo 80).
the offset is -2.5x larger
filled and a soft edge (needed for stability) is generated. With a perfectly
matched beam emittance of 0.5 mm-mrad, it would be possible to obtain a beam in
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the booster a factor of two smaller than the 15 n mm-mrad desired, vith the same
distribution. Of course, anything larger is possible. Thus the operator will
have sufficient control to optimize the injected beam parameters. The necessary
injection bump system is shown in Fig. 3.1-2.

3.2 Interaction of Beam and Foil

H~ is converted into H+ in tvo steps: first stripping from H~ to H°, then
from H° to H+. The cross sections for stripping at 800 HeV have been measured
(Va 79), (Va 80). We note that the cross section for H" -» H° is approximately

° + at PSR show that a
We have planned the H°

( ), ( )
three times larger than that for H° -» H+. Measurements
300 ugm/cnr foil converts H" to H+ leaving about 2% H°.
beam dump for 2% beam loss.

The TRIUMF group has shown that beam heating severely restricts the foil
lifetime. The Los Alamos PSR has operated for several days with no foil damage
using 1.7 x 10 protons/pulse current, 1000 hits per proton injected, and a
somewhat smaller besm spot than is proposed for LAHPF II. Because the LAMPF II
parameters are more favorable, we expect no trouble with foil lifetime. (The
major difference between our proposal and the experience at TRIUMF is the much
larger beam size on the foil.)

In passing through the foil, the proton beam is scattered and loses energy
due to the electromagnetic interaction with the atoms of the stripper foil. The
long tail of the energy loss distribution can result in particles being lost
from the rf bucket, we have simulated this effect by using the scattering of
spin 1/2 projectiles on free electrons as computed originally by Bhabha (Ro 52).
A simple formula exists for the probability distribution of energy loss, namely

•col<E'Eloss> dEloss
2m C dEloss

e2p2
loss

1 - ^oss

max

w
E+m

(3.2-1)

where E is the beam kinetic energy, E^ is the energy lost, m is the electron
mass, 3 is the proton velocity, ^max is tne maximum possible energy transfer to
an electron in a single collision (-2.5 MeV), C = 0.150 Z/A g"1cm2, and we are
working in units in which the velocity of light is 1. It is straightforward to
program a Monte Carlo generator of these single scatters since the probability
of a collision with energy loss greater than 60 eV (the ionization potential of
carbon) in one hit on the stripper foil is approximately 0.5.

Plural scattering in the stripper foil can also be generated in a Monte
Carlo fashion. The probability for scattering (Ts 84) is given by

dN(9)/d0 = (3.2-2)
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where Y is the screening angle, F is the maximum scattering angle due to nuclear
size effects, and Q = T/y, where these constants have the values (Ja 62)

Y = (1/192) Z 1 / 3 (m/p)

T = 274 A~ 1 / 3 (m/p)

2 = 5.26 x 104 (A • Z ) - 1 / 3

where m is the electron masr- p is the beam momentum, and the speed of light is
one. The mean number of scatters in a foil is about 8, so that it is not
expensive in computer time to simulate this process exactly.

3.3 Simulation Results

We have done a simulation of the LAMPF II booster injection including all
of the effects discussed above. The painting parameters, initial beam sizes,
and output beam sizes are given in Table 3.3-1. The painting parameters were
adjusted to give the peak current equivalent to a uniformly distributed beam in
15 n mm-mrad transverse chase space. The resulting bunching factor (0.43) is
appropriate for use in Laslett tune-shift calculations.

Two dimensional projections of the output phase space are shown in
Fig. 3.3-1. Correlations are absent except in the x-Sp/p projection; this
correlation is the result of the non-zero dispersion at the injection point.

TABLE 3.3-1

INJECTION PARAMETERS

RMS Phase Space In
RMS Size at Stripper
Offset/Sweep Amplitude
RMS Phase Space Out
Foil Hits/Proton
Bunching Factor

0.5
3.2
8.5
3.8
191

X

n mm-mrad
mm
mm fixed
n mm-mrad

0.5
2.0
5.0
3.4

y

it ram-mrad
mm
mm fixed
rt mm-mrad

Longitudinal

0,005 eV-s
0.2 ns
5.5 ns sweep
0.024 eV-s

0.43

*definition of rms phase space - e r m s = JI \<x
2X92>-<xe>2

In Fig. 3.3-2 we show one-dimensional projections of the injected beam. In
each spatial projection the arrows denote the calculated acceptance of the
booster based on 60 » <nm-mrad transverse phase space in both x and y planes and
±0.4% dp/p.
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Fig. 3.3-1. Two-dimensional histograms of the beam in the LAMPF II booster at
the end of injection. A total of 9919 particles are plotted.
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Fig. 3.3-2. One-dimensional histograms of the beam in the LAMPF II booster at
the end of injection. The arrcvs in each spatial projection mark the assumed
acceptance of the booster. A total of 9919 particles are plotted.
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4. RF ACCELERATION

4.1 RF Program

Figures 4.1-1 and 4.1-2 show the time dependence for one cycle of the
dipole magnetic field in the booster and main ring, respectively. The booster
cycle includes 1 ms for injection, 11.75 ms for acceleration, and 3.92 ms for
reset. Thus the actual acceleration frequency is 1/(2 x .01175) = 42.55 Hz
(=f ). The momentum p follows the acceleration curve as

p(t)
p++p" P+-p- cos 2nf_t (4.1-1)

where p + and p~ represent the maximum and minimum momentum and t is measured
from the start of acceleration. The main ring wave form includes 50 ms each for
injection, acceleration, and reset, and 150 ms for slow-extraction flattop. In
this case, the momentum rises linearly with time according to the relation

p(t) P+-P"
.05 (sec)

(4.1-2)

1.50

8.50
TIME (ms)

17.00

Fig. 4 .1-1 . Time dependence of booster magnetic field.
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m

H5O.5
TIME (ms)

301

Fig. 4.1-2. Time dependence of main ring magnetic field. Note that the sharp
transitions between constant field and the acceleration ramp will be suitably
smoothed by programming of the magnet power supply.

The energy gain per turn is given by Cdp/dt where C is the machine
circumference. Therefore, the energy gain per turn for the booster is

Crtf. p c-p c sin (2rtfat) (4.1-3)

and for the main ring it is just a constant 20C(p+c-p c)/c where c is the
velocity of light. The units of pc and E are in eV.

The required energy gain per turn is supplied by a single rf system with
AES = eVQsin <t>s(t) where V is the rf voltage and <|>s is the synchronous phase
angle. Figures 4.1-3 and 4.1-4 display the chosen rf programs for the booster
and main ring, respectively. We shov in each graph the time dependence of V ,
$s, the momentum p, the small angle synchrotron tune v , and the rf single
bucket area A^ ^. For the booster, V and $ s wer« chosen to maintain a fixed
bucket area during the start of the cycle. Although it is not visible in
Fig. 4.1-2, ve choose a parabolic rise of the main ring momentum during the
first 3 ms of acceleration; this is evident in Fig. 4.1-4. In Table 4.1-1 we
list the system parameters relevant to the acceleration process.
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TABLE 4.1-1

RF frequency (MHz)
Harmonic number
Max energy gain/turn (keV)
Circulating current (Amps)
Max power to beam (kW)
Max volts/turn (kV)
Max <frs (deg)
Capture voltage (kV)
Number of cavities
Max volts/cavity (kV)
RF superperiodi:ity
Max \>g (synchrotron tune)
Injected eL (eVs)
Cavity shunt resistance (kB)
Cavity detuning Af (MHz>

Injection
Midcycle
Extraction

- RF TABLE

Booster

50.31 - 59.26
66
797
2.18
1700
1596
30
940
18
89
6

.056
.0776

49

0.049
0.042
0.228

April 1986

Main Ring

59.26 - 59.80
266
3580
2.18
7930
5950
37
200
40
144
2

.018
0.1
136

0.763
0.020
0.025

<bu<*/0.leVs ~ " ~ - - — - _

TIME (ms)

Fig. 4.1-3. Booster rf parameters during the acceleration time. is the
voltage per turn, p is the synchronous momentum, v$ is the small"amplitude
synchrotron tune, <|>s is the synchronous phase angle, and A|Juck is the single
bucket area.
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Fig. 4.1-4. Main Ring rf parameters during the acceleration time.

4.2 Injection Conditions

Figures 4.2-1 and 4.2-2 show the longitudinal phase spaces in the booster
and main ring, respectively. The solid curves are the separatrices which
represent the limits of stable motici for the capture voltages given in Table
4.1-1. The ratio of bucket to bunch area in Fig. 4.2-1 is close to 2.0; in
Fig. 4.2-2 it is about 5.0.

TO.60

-3.14

dp

<£ (radians)

-•--0.60

Fig. 4.2-1. Single booster rf capture bucket at injection time. The dotted
region represents the area occupied by the beam.
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-rO.50

0.00 6.28

RADIANS

-L -0.50

Fig. 4.2-2. Single main ring bucket during the 50 ms beam transfer period. The
matched beam area is dotted.

4.3 Beam Loading Considerations

At midcycle we specify the power ratio PR to be 1.0 in the booster and 2.0
in the main ring. The quantity PR is the ratio of the power delivered to the
beam to that dissipated in the rf cavities. It is given by

n cl b sin
s h (4.3-1)

where is the number of cavities and is the first harmonic of the beam
current JL - 1.7 1^ with I J C the circulating"current (see Table 4.1-1). For
the booster we obtain tne cavity shunt resistance (Rsu) of 49 kP. for each
cavity. Similarly for the main ring, we obtain Rs^ = 135.5 kQ for each cavity.

The cavities need to be detuned to compensate for reactive beam loading by
the amount

Af =
cos
2V,

sh (4.3-2)

where frf is the rf frequency and Q is the cavity quality factor. We assume
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(R h/Q) = 35 2, the values for Af are listed in Table 4.1-1 for the booster and
mam ring. The value of .763 MHz for the main ring at injection represents 3.5
revolution frequencies, a large detuning.

We remark that the so-called Robinson stability criterion requires that
PR < 1 (Gr 82) for nonvanishing rf bucket area. We discuss below in the rf
section (7.1) how tuning, phase feedback, and amplitude feedback loops are used
with low-level feed-forward to stabilize the system.
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5. EXTRACTION, TRANSFER, AND ABORT

5.1 General Requirements

The booster must include a fast extraction system in order to transfer the
6 GeV protons to the main ring. Similarly, the main ring must possess a fast
injection system. These systems must be able to pass a beam with transverse
geometric emittance of 12.4 n mm-rad with little emittance growth (the
12.4 re mm-mrad phase space used contains room for the expected beam halos at
6 GeV). Additionally, both rings must necessarily incorporate fast abort
systems which can dump errant pulses at any point in the acceleration cycles.
The booster abort system must then be able to transport the full emittance
injected beam, including tails (of 60 n mm-rad beam emittance); the main ring
aperture should handle a beam of 12.4 n mm-rad emittance. The main ring must
also possess a slow extraction system and a fast abort system capable of
handling 12.4 n mm-rad.

The fast extraction, transfer, and abort systems each contain fast ferrite
kicker(s) and a fast extraction septum. The kickers can be energized in about
100 ns so a gap must be present in the pulse structure - at least six empty
buckets aie required to maintain the void throughout the entire cycle. The main
ring slow-extraction system includes electrostatic and iron septa and perturbing
elements.

EXTRACTION
KICKER

EXTRACTION
SEPTUM

FAST ABORT
KICKER

FAST ABORT
SEPTUM

-IOO

CIRCULATING BEAM

I 0

28
DISTANCE <m)

1

1

i

1 1

i i . i

.CIRCULATING BEAM

»«—EXTRACTEDi S£MA

i 1B i i i i

28

DISTANCE (m)

56

Fig. 5.2-1. (a) Six GeV vertical envelopes of circulating and extracted beam in
the booster extraction superperiod. The shaded bar represents the septum
placement in the extraction septum magnet, (b) Full emittance (e = 60 n mm-rad)
vertical envelopes of circulating and extracted beam in the booster fast abort
superperiod.
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Both systems use identical hardware and are located at corresponding points
in different superperiods. The major elements are a 5.0 m fast ferrite kicker
and a 4.0 m dc septum; the peak magnetic fields needed are 0.025 T and 0.8 T,
respectively. Extraction will be in the vertical plane. Figures 5.2-1 and
5.2-2 show the envelopes of extracted beam and aborted beam through one
superperiod, respectively. The elements are depicted in the figures; the center
of the superperiod actually corresponds to the end of the superperiod shown in
the lattice section, Fig. 2.1-2. In both Figs. 5.2-la and 5.2-lb we show the
envelope of the circulating beam and the extracted beam. The beam emittance is
3.2 >t mm-mrad in Fig. 5.2-1 corresponding to the expected value at 6 GeV. In
Fig. 5.2-lb we use 60 n mm-mrad representing the 79/ MeV value with tails.

5.3 Main Ring Injection

Horizontal plane injection takes place in one of the long straight sections
(LSS). Figure 5.3-1 shows the betatron functions and element layout in this LSS
- the injection septum and injection kicker are indicated. These elements are
4.0 m and 3.0 m long, respectively; at 6 GeV the required bend fields are
0.025 T and 1.0 T, respectively. Figure 5.3-2 shows the injected and
circulating beam envelopes in the injection region foi a beam phase space of
3.2 it mm-mrad. We remark that the septum placement will permit passage of the
full circulating beam with tails included (e = 12.4 it mm-ir.rad). The central ray
entering the septum dipole has the coordinates x = -347.5 mm and x'
(-139.135 mr.

INJECTION INJECTION
SEPTUM KICKER

500

106

DISTANCE (m)

212

Fig. 5.3-1. Betatron functions through the main ring long straight section.
The element placement at the top shows the fast injection hardware.
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INJECTKN
SEFTUM

!0O I 1 1 1 r

EJECTION
WCKER

-250 -|
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DISTANCE (m)

Fig. 5.3-2. Injected and circulating
injection section of the LSS.

6 GeV horizontal envelopes in the

5.4 Main Ring Extraction and Abort

Both fast abort and slow extraction will be performed In one long straight
section (LSS). figure 5.4-1 shows the betatron functions in the LSS as well as
the element placement. The abort septum is ramped during acceleration - for a
6.0 m length a field of 1.0 T is required at 45 GeV. The fast abort kickers are
each 4.5 m in length and impart 1.0 mr horizontal kicks to the beam when
energized. Figure 5.4-2 shows envelopes for both circulating and kicked beams
in the abort section of the LSS. These envelopes represent the full emittance
beam at 6 GeV including tails (e = 12.4 n mm-mrad).

Half-integral resonant extraction will be used to spill out protons during
the 150 ms flattop of the main ring magnets. The required hardware consists of
two perturbing quadrupoles, two perturbing octupoles, and the elements depicted
at the top of Fig. 5.4-1. The electrostatic septum should be at least 4.0 m in
length with field capability of 50 kV/cm across a 3.5 cm gap. The iron septum
should be 10.0 m in length and attain a bend field of 1.0 T.

A detailed study of slow extraction is beyond this work; however, the
results have been presented (Co 85) We remark that the efficiency of
extraction will be a'uove 99X if the septum wires are placed such that x >
65 mm, i.e., the field region occupies 65 mm < x < 100 mm.
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*BORV ABORT ELECTROSTATJC RON SEPTUM
KICKERS K P T U M ^ I
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Fig. 5.4-1. Betatron functions through the main ring LSS. The fast abort and
slow-extraction hardware are denoted.

FAST ABORT
KICKERS

/ \
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\

DBED D V
50
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28

DISTANCE (m)

FAST ABORT
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Fig. 5.4-2. Full emittance (e = 12.4 n mm-mrad) horizontal envelopes of
circulating and extracted beam in abort section of the main ring LSS.
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6. STABILITY ANALYSIS

On one hand, the high intensity of the LAMPF II machines makes stability an
important issue- On the other hand, rapid cycling means that many instabilities
will not have time to affect the beam emittance. We have examined known sources
of instabilities in circular accelerators and identified those that could caiue
trouble. Instabilities can be divided into those that affect single-particle
motion and those that depend on the coherent action of all the particles in the
beam. The single-particle instabilities are driven by imperfections in the
magnetic lattice, like a forced harmonic oscillator. The coherent instabilities
are characterized by transfer of beam energy to transverse or longitudinal
vibrational modes of the beam through interaction with the beam chamber and
other objects near the beam. Instabilities with wavelength longer than the
bunch length in the bunched beam can usually be controlled by dampers and other
feedback systems- Instabilities with wavelength shorter than the bunch length
can be avoided by providing a source of incoherence, such as momentum or tune
spread. Section 6.1 treats single-particle instabilities and Sec. 6.2 deals
with coherent instabilities.

6.1 Single-Particle Instabilities

The transverse/betatron vibrations of the particles about the closed orbit
of the machine art- characterized by the horizontal and vertical tunes, \>x and
v , which give the number of oscillations per revolution of a particle going
around the ring. The general condition for transverse resonance is

nxvx + nyvy = p , (6.1-1)

where n , n , and p are integers. The order of the resonance is |n | + |n |.
The driving force fcr the resonance is any imperfection of the magnetic guiding
field or rf cavities. The force seen by the particle is periodic and can be
written as a Fourier series,

F(t) = 2 Fpexp(ip<^t) , (6.1-2)
p=-»

where «g ^s the circulation frequency. The integer p in this summation is the
source or i.,;» integer p in the resonance condition above. If the ring has
superperiodicity n and the same imperfection or driving term appears in each
cell, then the Fourier coefficient F ^ (k is another integer) will be large.
This makes the superperiodicity resonances p = kn of special concern.

The resonance phenomenon in accelerators is complicated by the fact that
the betatron frequency becomes amplitude dependent near resonance. If the
betatron frequency shifts toward the resonant frequency, the particles are
quickly lost. If the frequency shift is away from the resonant frequency, then
the particles reach a stable amplitude, although this amplitude may still be
larger vhan the size of the beam pipe. It is common practice to calculate
resonance widths. Particles with a frequency difference
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(6.1-3)

smaller than the resonance width are considered unstable.

Although the resonance width estimates the region of instability, it does
not determine the beam amplitude growth near the resonance. The best way to
investigate this effect is through computer simulations. We have done this to
some extent in the tracking studies discussed in Sec. 2.3, but further studies
are needed.

Resonance widths depend on the periodic nonlinear driving forces, which, in
turn, depend on the size of the multipole errors in dipoles and elsewhere in the
ring. These errors can be systematic or random. The systematic errors only
affect the superperiod resonances, whereas the random errors apply to all
resonances.

In view of all thest factors, we have dor,*; the following calculations. We
have examined all resonances up to fifth order which can be crossed by the beam.
These can be seen in Figs. 2.4-1 and 2.4-2 as those lines overlapping the
cross-hatched regions. If the resonance is a superperiodicity resonance, we
have assumed that it is driven by a 0.1% systematic error (measured at 5 cm
horizontally from the center line) in the dipoles, of multipolarity appropriate
to the order of the resonance, and we have calculated the resonance width using
the formulas found in Guignard's standard treatment (Gu 70), (Gu 77), (Gu 78).
If the resonance is not a superperiodicity resonance, we have assumed a O.Olt
random multipole error in all dipoles at 5 cm. We have also calculated the
number of turns for a 10% blovup in beam size, again using formulas from
Guignard for repeated crossing of a single resonance. The results are
summarized in Tables 6.1-1 and 6.1-II for the booster and main ring,
respectively. We add that these errors are larger than those expected (see
Table 7.2-1).

The widths &e are significant in the booster just for the two noted
superperiodicity resonances. One is mostly concerned about the fourth-order
resonance vx + 3v = IB which would be generated by a skew octupole field in the
dipoles. For the main ring, the only significant effects are due to the 2vx -
2v = 2 difference resonance and the 3v = 19 resonance which is near the bottom
of the shaded region in Fig. 2.4-2; this resonance is driven by a 19th harmonic
skew sextupolc in the dipoles. We add that identical studies have also been
carried out for errors in the quadrupoles; the effects are weaker than l^ted in
both Tables 6.1-1 and 6.1-II.
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TABLE 6.1-1

BOOSTER RESONANCESa CROSSED BY THE .P-AM

April 1986

X

1
2
0
0
1
2
3
4
5
2

(a)
(b)
(c)

n
y

3
2
4
5
4
3
2
1
0
-2

* s =

p

18C

19
17
21
22
23
24C

25
26
2

5.23, v

eb

0.07
0.02
0.12
0.40
0.35
0.30
0.25
0.20
0.15
0.10

= 4.28

e". |p - n vx - n v |
superperiod resonance

Widths
Ae

(xlCTJ)

5.86
1.01
0.53
0.12
0.28
0.34
3.10
0.21
0.07
0.51

Growth Times
(turns)

670
11,500
70,300
2.8x10°

1.5x10°
—

2
0
1
2
3
0

TABLE 6.1-II

MAIN RING RESONANCES8 CROSSFH 27 THE BEAM

-2
5
4
3
2
3

2 C

3 2c

33
34C

35
19

0
0.25
0.25
0.25
0.25
0.35

a vx = 7.45, vy = 6.45

b e = | p - njjv
x ~

 nyvy'
c superperiod resonances

Widths
Ae -

19.90
0.19
0.16
0.80
0.19
2.80

Growth Times
(turns)

190xl03

1054

In addition to the betatron resonances, one must also consider
synchrobetatron resonances, which are defined by the resonance condition

xx
nsvs = (6.1-4)
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where n , n , n , and p are integers, and \>g is the synchrotron tune. The
effects of coupling between longitudinal and transverse oscillations in particle
beams were first observed in 1971 (Cr 71). More recently, satellite resonances
due to this coupling have limited the current on DORIS at DESY (Pi 80).

The importance of these resonances depends on the strength of the coupling
and the sign of n . There are three sources of coupling: dispersion,
chromaticity, and the discrete nature of the rf-cavity distribution. Dispersion
is usually the most important source of coupling. Piwlnski and Wrulich (Pi 76)
have shown that if the dispersion functions Y](s) and *V(s) do not vanish at the
cavities, the phase advance of the horizontal betatron motion can become
complex, leading to unstable betatron motion when

v ± v = Nk , (6.1-5)

where N is the number of superperiods and k is an integer. For the booster this
condition can never be satisfied because ^x - 5.23, N - 6, and vg is never
larger than 0.055.

The momentum oscillations caused by the discrete cavity distribution, which
caused the resonance problems in NINA (5 cavities, \>.. » 5.25), should have
negligible effect for the booster (6x3 cavities, vx =» 5.23).

Perhaps the best way to assure oneself that the synchrobetatron sidebands
have no effect is to do computer simulations. We have a program called ARCHISIM
that will do this and some simulations have been done using 2 rf cavities
instead of 18. The beam appears sirible throughout the acceleration cycle.

6.2 Coherent Instabilities

A beam of charged particles circulating in a synchrotron interacts with its
surrounding environment (beam chamber, rf cavities, beam-position monitors,
inactivated kicker magnets, etc.) to create electromagnetic wake fields that can
act back on the beam. Coherent effects arise that can distort the charge
distribution or produce unstable oscillations of the charge distribution. The
thresholds for these effects, which are dependent on the ueam intensity, have
been examined. We find that the design beam current can be obtained if we use
state-of-the-art construction techniques for the beam chamber, rf cavities, etc.

In the last 15 years accelerator theory has provided a framework in which
the qualitative and quantitative aspects of these coherent instabilities can be
explained. The strength of the coupling between the beam and the accelerator
environment can be characterized by the longitudinal coupling impedance Zr(<»))
and the transverse coupling impedance ZT(w) (Wa 80), (Ru 81), and (Ru 83).
Recent observations of coherent effects in accelerators have shown stability
thresholds consistent with a broad-band resonator model of the impedances. It
is still difficult to calculate impedances ab initio and therefore to estimate
instability thresholds for new accelerators.

Nevercheless, we have used existing formulas to estimate the complex
impedances of the elements in both thu booster and main ring. We obtained the
formulas from existing references (Gu 77), (Ru 79), (Ng 83), (Na 84). We



5. ACCELERATORS 5.-47 April 1986

considered the contributions of space charge and inductive wall (SC), resistive
wall (RW), ports (P), bellows (B), steps (ST), beam position monitors (M), rf
cavities (RF), and kickers (K). The resistive wall assumes a stainless-steel
chamber throughout. This must be revised when we ascertain the impedance
behavior of our ceramic vacuum chamber. Several examples are shown in
Figs. 6.2-1 and 6.2-2 at injection energy for both the booster and main ring;
the absolute values of Z./N and ZT are plotted versus the frequency f (= u/2n).
The mode number N = u/w0 where u is the angular revolution frequency. The
arrows drawn in Fig. 6.2-1 represent the location of higher-order modes in the
rf cavities as obtained from the program URMELT (We 85); the calculations
assumed u = 1 in the ferrite. We note that the impedances are dominated by the
space-charge and fundamental rf cavity modes. For our purposes, coherent
instabilities will be divided into four classes: single bunch (longitudinal and
transverse) and coupled bunch (longitudinal and transverse).

10

IO"1 io° 10' io2 10s io4

Frequency (MH,)
10 10 10' 10" 10 10

Frequency (MHz)

Fig. 6.2-1. (a) Longitudinal impedance |Zĵ /N| vs. frequency at injection into
the booster, (b) Transverse Impedance |ZT| vs. frequency at injection into the
booster.
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Fig. 6.2-2. (a) Longitudinal impedance |Z,/N| at injection into the main ring,
(b) Transverse impedance |ZT| at injection into the main ring.

6.2.1 Longitudinal Instabilities. The test for single-bunch stability in
the longitudinal plane is performed by recasting the Keil-Schnell criterion (Gu
77) into the form (Ba 85)

vl/4 (6.2-1)

vhere h is the harmonic number, I is the average current, tn is the longitudinal
single-bunch area (in eVs), n = Y( - Y , E is the total beam energy and V is
the rf voltage. Equation (6.2-1) was evaluated for the booster and main ring at
both injection and extraction - the results are odven in Table 6.2-1. The
|ZL/N| limits are satisfied in both machines in the high frequency (microwave)
region.
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TABLE 6.2-1

LONGITUDINAL STABILITY CRITERION

Machine Kinetic Energy (GeV) |Z,/N| Limit (8)

Booster 0.8 2067
Booster 6.0 47
Main Ring 6.0 24
Main Ring 45.0 38

Studies of coupled-bunch instabilities have been carried out using the
computer program BBI (Gy 83). The program allows up to three resonators. After
referring to the graphs of impedance vs. frequency (Figs. 6.2-1 and 6.2-2), we
represent the impedances with (i) a broadband resonator with frequency at the
pipe cutoff, (ii) the kickers, and (lii) the fundamental rf cavity. For the
cavity we use the reduced values for R L and Q which we obtain with fast
feedback around the rf amplifier. Table 6.2-11 lists the resonator data for the
booster and main ring. The BBI runs were carried out at the injection and
extraction energies of both rings. We add that the broadband impedances (ZL/N)
assumed were 5 H for the booster and 10 S for the main ring.

TABLE 6.2-II

RESONATORS USED IN BBI FOR STUDY OF LONGITUDINAL
COUPLED BUNCH INSTABILITIES

Resonator

Broadband

Kickers

RF cavity

Parameter

Frnq. (MHz)

R s h (kB)

Freq. (MHz)
Q

R^h <ks>
oil

Freq. (MHz)
Q

R_u (kB)

Booster

2300
1
15

5.3
1
0.11

50.3 - 59.2
14
8.82

Main Ring

2300
1

103

7.0
1
0.19

59.2 - 59.7
387
54.20

For the booster it was observed that all the single-bunch modes were
unstable at injection; however, the growth rates were very small. At extraction
all the single-bi'nch modes were stable. The results of the multibunch analysis
indicate instability for modes 1 < m < 4. The most serious appears to be the
dipole mode with coupled-bunch parameter n = 62; the rise time can be as short
as 6 ms at injection. The fundamental rf cavity mode is mainly responsible for
these effects. The worst-case coupled-bunch instability growth times for modes
1 < m < 4 at extraction are all greater than 15 msec.
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As mentioned above we ascertained the characteristics of the higher-order
modes with the program URMELT. These high-Q parasitic modes contribute
significantly to coupled-bunch instabilities. We have run BBI for these
resonators at both injection and extraction in the booster. Table 6.2-III lists
the significant resonators and worst-case growth rates as obtained from BBI.

TABLE 6.2-III

BBI RESULTS FOR PARASITIC MODES IN THE BOOSTER CAVITIES

Frequency Time

(MHz)

134.167 Injection
227.932 "
157.028 Extraction
253.039 "
338.282
429.807 "
541.072 "
585.94 "

Q

(xlO4)

1.77
1.93
1.59
1.74
1.89
2.28
2.30
2.48

Rsh

(xlO3 8)

278
166
218
165
94
145
71
50

Growth Rate

(sec"1)

43000
17610
23570
13290
6945
8730
3630
2550

The growth rates are huge for these resonators. As mentioned above, the URMELT
runs were made with u = 1 in the ferrite tuners. The higher modes in the actual
cavities will be broader and much reduced - we will endeavor to tune them out.
Nevertheless, dedicated feedback loops may be required to damp any remaining
parasitic modes.

For the main ring, the single-bunch mcdes are all stable. The
coupled-bunch analysis indicates instability due to the fundamental rf cavity
mode with growth rates of the order of 10-20 sec . We will be concerned
particularly with coupled-bunch modes near the rf frequency (n = h, h ± 1, h ±
2). We certainly expect such contributions in view of the large cavity
detunings (0.76 MHz) expected in the main ring at injection. The growth rates
encountered can be as large as 370 sec"1. Feedback loops will be required to
damp these instabilities.

6.2.2 Transverse instabilities. We have used BBI to evaluate the
threshold and stability for both the single-bunch and multibunch effects. After
referring to the impedance distributions in Figs. 6.2-1 and 6.2-2, we chose the
resonators as listed in Table 6.2-IV. We also included resistive wall and space
charge contributions.
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TABLE 6.2-IV

RESONATORS USED IN BBI FOR STUDY OF
TRANSVERSE COUPLED BUNCH INSTABILITIES

Resonator

Broadband

Kickers

Parameter

Freq. (MHz)
Q

Z T (MS/m)

Freq. (MHz)
Q

Z T (MQ/m)

Booster

2300
1

0.21

5.3
1

0.30

Main Ring

2300
1

1.70

7.0
1
1.0

We first investigated the single-bunch (head-tail) effects. For the
booster the dipole mode is unstable at injection but the growth time is 80 ms;
at extraction all modes are stable. For the main ring all modes are stable with
the chromaticity set to zero.

The transverse microwave instability was investigated via the standard
coasting beam formula (Gu 77)

|ZT| <%^- |(N-v)n- S»\ ̂  (6.2-2)
RI P

where k =» 2.95 x 109, F - 1, \> :is the vertical betatron tune, I is the peak
current, N is the mode number (<o/ioQ), £ is the chromaticity, and dp/p is the
full momentum spread at half maximum. The quantities were evaluated at the
frequency of the broadband resonator - we consider just the effects of
transverse space charge and the broadband resonator. Then the Inequality
(6.2-2) can be rewritten (Ba 85) as

| A Q | T = |AQC - AQjl + | A Q | B B < 0 . 6 nil \-PA ( 6 . 2 - 3 )
i P J rms

where AQc and AQ. are the Laslet'. coherent and incoherent tune shifts,
respectively, and |SQ|D B is that due to the broadband resonator. Table 6.2-V
lists both sides of Eq. (6.2-3). We expect both machines to be stable against
this single-bunch instability.
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TABLE 6.2-V

TRANSVERSE MICROWAVE INSTABILITY PARAMETERS

Machine Energy |AQ|T 0.6 nln (dp/p) r m s

Booster 0.8 0.084 1.26
Booster 6.0 0.010 0.024
Main Ring 6.0 0.026 0.041
Main Ring 45.0 0.005 0.059

Next we studied the coupled-bunch instabilities. The BBI results for the
worst cases are listad in Table 6.2-VI.

Machine

Booster
Booster

Main Ring
Main Ring

TABLE 6.2-VI

TRANSVERSE BBI RESULTS

Growth
Energy
(GeV)

0.8
6.0
6.0
45.0

BB

-16
-313

•o
-o

Rates (s )

Kickers

1190
92
975
150

Res. Wall

526
98

1895
290

For the booster the broadband impedance has a stabilizing effect,
especially at 6 GeV where the beam is stable against instability except for the
m=2 sextupole mode. In this case the instability can be damped using octupoles.
The effects due to the kickers and resistive wall are especially strong at
injection - feedback dampers would be required to suppress these instabilities.

For the main ring the growth rates due to the kickers and resistive wall
effects are large but can be damped with octupoles which introduce a transverse
tune spread of ± 0.005 and/or feedback.

Finally we have also evaluated the effects of the parasitic (m = 1)
deflecting modes in the booster rf cavities. Table 6.2-VII lists the
significant resonators and worst-case growth rates as obtained from BBI. The
growth rates are large in the event that the parasitic frequency coincides with
a coupled bunch mode frequency fn = (n + \i> )f . In actual fact the cavities
will be much lossier at high frequency than predicted by the URMELT calculation.
We expect to tune out any remanent modes.
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TABLE 6.2-VII

BBI RESULTS FOR TRANSVERSE PARASITIC MODES IN THE BOOSTER CAVITIES

Frequency
MHz

373

389

443

486

Time

Injection

Extraction

Extraction

Extraction

xl(T

3.2

2.5

2.6

3.0

zT

MQ(m)

0.53

0.43

0.78

0.11

Growth Rate
(sec"1)

106

5350

9560

1200

6.2.3 Debunched Slow Extraction. The Keil-Schnell criterion (Eq. 6.2-1)
will be satisfied at extraction time in the main ring for each bunch as a whole.
We can rewrite this criterion in another form

(6.2-4)

Locally (within each bunch) it is necessary to meet this criterion as well.
During the deburtching process, Ap/p can become much smaller locally - see
Fig. 6.2-3.

in

a.
Q

Time (arb. units)

Fig. 6.2-3. A single bunch is upright during coasting and is skewed after
debunching. Note that locally, Ap/p is reduced during debunching. The
debunched beam is unstable against longitudinal oscillations with frequency
above those corresponding to the coasting beam bunch width.
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Indeed, the Ap/p increase needed to assure stability is approximately a factor
of eight. Because the transverse stability requirement is met and the rf is off
(with electronic feedback holding the voltage at zero), no beam loss is expected
from the microwave instability. The local longitudinal emittance of the bunch
will increase until the beam becomes stable. This microwave instability occurs
only duri..^ debunching and the increase of longitudinal phase space has no
important consequence for the slow extracted beam. It must be noted that with
rf off, there is less control of the beam. Thus the spill will be more subject
to ripple and SCR noise, so some degradation of the macroscopic duty factor from
0.5 is to be expected.

At the CERN PS, the slow extraction duty factor has been improved
dramatically by using rf phase displacement techniques (Ca 81). To use this
method, we would first increase Ap/p by moving the beam to the unstable fixed
point, then debunch, and finally turn on a high fixed frequency (- 400 MHz)
cavity to control the spill. The buckets created by the high frequency cavity
act as a barrier between the beam and the extraction system which can only be
penetrated slowly, thus reducing the sensitivity to magnet ripple. By using
this technique, the CERN group has achieved an effective duty factor of 9?X of
the macroscopic duty factor. We expect to study the phase displacement
technique for use during LAMPF II main ring debunched slow extraction.

6.2.4 Summary. The above analysis indicates that the machines are stable
against single-bunch instability. Longitudinal coupled-bunch instability will
be driven by both the fundamental and parasitic modes of the rf cavities.
Dedicated feedback loops will be required to suppress these instabilities. The
transverse coupled-bunch instabilities are driven by the kickers and resistive
wall contributions. These can be suppressed with transverse dampers (and with
Landau damping octupoles at higher energies).
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7. HARDWARE

7.1 RF System

The proposed LAMPF II booster rf cavity design is a major breakthrough in
tunable cavity technology - it involves the use of perpendicularly-biaseJ
low-loss microwave ferrites. Ferrite losses have been reduced by mors than a
factor of 10 compared to conventional techniques. This reduction results in
significantly higher gap voltage per cavity than previously possible. Since
fewer rf stations are required, the overall R/Q for the ring can be kept lowor.
The perpendicular bias technique also allows faster frequency tuning than older
techniques. The rf hardware costs ar" decreased and accelerator reliability
increased as a result of fewer rf station? Other laboratories around the world
are developing perpendicular bias tuning systems as a result of this LAMPF II
accelerator research activity.

7.1.1 Quarter-Wave Cavity Concept. The cavity design is based on a simple
coaxial quarter-wave resonator. Figure 7.1-1 shows the full-scale
booster-cavity design. The tuner is the ring of ferrite and the solenoidal
magnetic-field coils at the left side of the cavity. The bias field changes the
permeability of the ferrite in the space between the coaxial cylinders, and
hence, changes the effective inductance L of the cavity; the resonant frequency,
of course, is 1//LC. Table 7.1-1 gives the cavity-design parameters for the
booster.

I FERRITE TOROIDs.

- BERYLLIUM OXIDE DISKS

• B!AS YOKE

BIAS COIL

POWER TETRODE
4CW 150.00E
R. F. WINDOW

COUPLING CAPACITOR

BEAM AXIS

G A p

Fig. 7.1-1. A cross-section view of the prototype s>r.chrotron cavity. The
C-shaped magnet provides perpendicular bias to the fe r r i t e . The anode of the
power tetrode is capacitively ccupled to the dr i f t tube by a short: coaxial line
passing through an rf window.
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TABLE 7.1-1

DESIGN PARAMETERS FOR THE COAXIAL CAVITY

Booster cavity characteristics Value

Cavity outer diameter 0.35 in
Cavity inner conductor diameter 0.16 m
Ferrite region outer diameter 0.60 m
Ferrite region inner diameter 0.32 m
Length of entire cavity 117 m
Operating frequency 50-60 MHz
Main gap voltage 81 kV
Ferrite permeability variation 3.0-1.4
Ferrite permittivity 14.0
TDK Y-5 ferrite Curie temperature lSC'C
Ferrite operating temperature 57"C
Transmission line impedance of coaxial cavity 40 Q
R/Q (with rf coupling capacitor) 35 8

3000

2000 -

a
o

1000 -

60 70
Cavity Frequency, MHz

so

Fig. 7.1-2. The variation of a test cavity Q with frequency. The upper curve
(Qr) is the calculated Q of the cavity, assuming that the ferrite samples are
lossless and that the only loss is due to the resistivity of the metal cavity
walls. The two G26 curves were obtained with type G26 Mg-Mn-Al ferrite toroids
manufactured by TDK. The upper curve was obtained with perpendicular bias
applied to the ferrite, while the lower curve shows the cavity Q when it is
tuned in the conventional manner with parallel bias. The superiority of the
perpendicular bias method is evident. Virtually all past synchrotrons have used
the inefficient parallel bias method. The Yl curve was obtained with lype Yl
aluminum-doped yttrium-iron-garnet ferrite (also manufactured by TDK Electronics
Co., Ltd).
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In this cavity, the external magnetic bias field is perpendicular to the rf
magnetic fields. The ferrite operates in the frequency region below the
gyromagnetic resonance. One can obtain a high-Q resonant system, tunable in
frequency over 20X and having very low losses in the ferrite material - this is
shown dramatically in Fig. 7.1-2, which compares ferrite material biased
parallel to the rf magnetic fiald with the same material biased perpendicular.

7.1.2 Ferrite Measurement Results. Four different microwave-type ferri^e
samples manufactured by TDK Electronics Co., Ltd. and Trans Tech Inc. have been
examined. The measured electric Q's of the ferrites near 60 MHz were comparable
to the manufacturer's specifications at 9.4 GHz. The values of magnetic Q
extracted from the test data are plotted in Fig. 7.1-3 as a function of the rf
permeability u. The magnetic Q increases dramatically as saturation is
approached. The dependence of ferrite rf permeability on perpendicular bias is
well characterized by.'

"rf " 1 + — ' (7-1-1)

where H is the perpendicular bias magnetic intensity inside of the ferrite and
4nMs is the saturation magnetization of the ferrite.

10"

10* r
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1 i

I I :
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RF

Fig. 7.1-3. The magnetic Q of four aluminum-doped yttrium-iron-garnet ferrites
under perpendicular bias conditions, presented as a function of the rf
permeability.
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3000

"- 2500

0,

FERRITE (QF) vs POWER DENSITY

Y - 5 AT 71.5 MHz (/i3.1)

0 0.5 1.0 1.5 2.0

FERRITE POWER DENSITY ( w / cm 3 )

Fig. 7.1-4. The magnetic Q of TDK Y5 ferr i te as a function of pulsed-power
dissipation measured at 71.5 MHz. The fer r i te was perpendicularly biased to p
re la t ive permeability of 3.1.

Figure 7.1-4 shows results from the measurement of the magnetic Q of type Y5
fe r r i t e at high-power densit ies. I t is seen that the Q decreases modestly with
increasing power density.

7.1.3 Full-Size Synchrotron Cavity

The dc bias field H needed to obtain a certain f e r r i t e permeability u
can be calculated from the material 's saturation magnetization 4JIM :

S

mat

(7.1-2)

The design parameters of the required magnet are given in Table 7.1-II.
With the bias windings mounted outside the rf resonator (one of the main
problems occurring in most parallel-biased cavity designs), decoupling of the
bias circuit and the rf fields is avoided. The main problem is whether the fast
varying dc bias field can be passed through the resonator walls without
unacceptable losses or dissipation by eddy currents. Problems of this kind can
be avoided by constructing the cavity's outer conductor of stainless steel with
a thickness less than the skin depth at the maximum bias field frequency, or by
slotting the sides of the cavity. At 20 kHz, the skin depth in stainless steel
is about 2.3 mm. With 0.5 mm stainless cavity walls plated on the inside with
0.02 mm copper, eddy current effects should be negligible.
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TABLE 7.1-II

DESIGN PARAH2TERS FOR THE BIAS MAGNET

Number of windings 10
Maximum dc bias field 2200 Oe
Maximum dc current 2000 A
Maximum self inductance 47 uH
Maximum tuning rate (booster) 20 kHz
Maximum dc voltage 170 V

Beryllium-oxide discs between the ferrite toroids conduct heat away from the
ferrite with a thermal conductivity almost comparable to that of aluminum, but
without providing a path for eddy currents which would retard the bias field.
Changing the ferrite permeability from 3.0 to 1.5 tunes the cavity from 50 MHz
to 60 MHz.

Due to the relatively low thermal conductivity of ferrites, power losses
inside the material lead to high temperature gradients. The 1/r distribution
of the magnetic and electric power densities in a coaxial cavity normally
produces high radial temperature gradients. Excessive temperature gradients can
cause mechanical stresses that break the ferrite elements. High absolute
temperatures can result in thermal runaway within the ferrite material. If the
temperature approaches the Curie temperature for the material, the permeability
of the ferrite changes and a system failure results. Mean power densities of
about 0.2 W/cm are considered to be the maximum values for stable operation.
The ideal solution would be to have a material between the ferrite discs that
has good thermal conductivity and is an excellent electrical insulator. A good
choice is beryllium oxide, which has almost the same thermal conductivity as
aluminum but with an electric permittivity of 10. A calculation of the ferrite
temperature as a function of location within the ferrite discs indicates that a
maximum temperature of 57° C will result at power density of 0.25 W/cm . From
these estimates, one concludes that we are able to operate the ferrite well
below the Curie temperature.

TABLE 7.1-III

FERRITE POWER-DISSIPATION LOSSES OF THE SIX-TOROID CAVITYa

Ferrite

TDK Y300 Ai garnet
TOK Y5 Al garnet
TDK Yl Al garnet
Trans Tech G 810 garnet

Electric Q

> 1000
> 1000
> 1000
> 1000

Saturation
Magnetization

4nMs (Oe)

300
600
1200
800

Ferrite Dissipation
Mag._ Elect.„ Total

mW/cnr mW/cm mW/cm

370
82
44
61

97 467
97 179
97 141
97 160

Weighting by the frequency/voltage function.
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To determine the average power density in the ferrite, we weight the
ferrite losses by a typical frequency/voltage function for a 6 GeV booster. The
results of this spectral weighting are summarized in Table 7.1-III for the
various ferrite materials evaluated.

7.1.4 Spurious Cavity Modes. As seen by the cavity, the beam consists of
a series of sharp spikes ol current. These excite a vast spectrum of
undesirable lossy modes in the cavity, which need to be suppressed. Table
7.1-IV gives a summary of modes found with the code URMEL under some simplified
assumptions, i.e., no coupling capacitor or ferrite. The R/Q of all higher
modes appear small enough to use conventional mode-killing techniques.

TABLE 7.1-IV

CALCULATED CAVITY MODES AND R/Q
(No f e r r i t e or coupling capac i tor )

#

1
2
3
4
5
6
7
8
9
19

Long.
Freq.
(MHz)

60.
172.
287.
419.
555,
682.
773,
869.
982.

1072.

Modes

3
7
7
2
8
1
0
0
8
2

R/Q
(P.)

49.5
15.8
10.7
7.8
5.4
3.1
1.6
1.5
0.8
0.3

Transverse
Freq.
(MHz)

305-8
325.0 <
392.8
409.6
455.0
503.1
521.1
555.6
599.5

Modes
R/Q

121
0.0005
0.0005
1.04
0.21
2.81
0.10
3.34
0.15
5.00

668.3 1.73

7.1.5 Design of the Accelerating Gap. The accelerating gap was designed
to hoT3 off the full cavity voltage under vacuum conditions. A ceramic vacuum
seal is required to isolate the ferrite from the beam-line vacuum. By placing
this seal in the low-field region of the tuner, high-voltage breakdown problems
are avoided.

7.1.6 Beam Loading in the LAMPF II Cavities. Beam loading can be
compensated by feedback loops. Many feedback loops are needed to control the rf
system and to prevent unstable beam-cavity interactions. Figure 7.1-5 shows
some of these that will be needed on the booster rf system. Most of these are
conventional and relatively straight forward, such as the phase, amplitude,
tuning, radial position, and synchronization feedback loops. One which
contributes greatly to the stability of the beam-cavity interaction is the fast
negative rf feedback loop around the final power amplifier and preamplifier of
each cavity. An efficient (high Q) accelerating cavity presents a very high
impedance to the beam, perhaps over a megohm total. Since the beam is bunched
at the rf frequency, it contains a large Fourier component of current at or near
the cavity frequency, and thus can generate a large voltage in the cavity. This
beam-induced voltage can be larger and at a different phase than the desired
voltage, resulting in complete instability. Fast negative feedback with a loop
gain of 100 will, in effect, reduce the cavity 0 and the impedance seen by the
beam current by a factor of 100, enabling the other control loops to maintain
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the proper accelerating voltage in spite of the high beam current passing
through the cavity.

The feedback system is illustrated in Fig. 7.1-5. We consider only the
fast feedback loop for clarity. For a cavity of impedance Z (S), an amplifier
of transconductance g (P. ), a voltage source of Vs (Volts), a feedback.
fraction 3, a beam current of iB (Amps), we find that without feedback, we would
have for the cavity voltage

vno feedback = z V • (7.1-3)

With feedback, we have cavity voltage

*m V
(1 + S Z g m)

(7.1-4)

Both the beam current and Vg are reduced by the factor (1 + 3 Z gm) z 100.

FAST FEEDBACK CONTROL LOOP

BEAM
PICKUP CAVITY

RadLal pol i t ico

I
BEAM

Fig. 7.1-5. Schematic of the fast feedback control loop. The cavity Q and
impedance are reduced by a factor of 100. Slow control loops are also shown.



55
40
28
495
1.9
101
10,

MHz
2

S
MHz
vs200 P

5. ACCELERATORS 5.-62 April 1986

A typical application of this technique to the LAMPF II booster cavity is
illustrated in Table 7.1-V.

TABLE 7.1-V

CAVITY CHARACTERISTICS WITH AND WITHOUT FEEDBACK

w/o feedback w/feedback

Frequency 55 MHz
R/Q of cavity 40 B
Q (effective) 2,500
R (effective) 50,000 B
Af = f/Q 22 KHz
Vs Vs

It is seen that the impedance and effective Q are reduced by a factor of about
100 but that the drive power (Ps) is increased by a factor of 10,200. For this
reason, the feedback should be introduced at a low level where additional
amplification can be easily obtained. Another important consideration is the
time delay in the feedback path. Estimates for the proposed system show that it
will be possible to design a system with short enough delay to permit use of the
large amount of negative feedback discussed above.

In addition to the feedback loops that have been discussed, other
additional loops will probably be required, such as one-turn delay feed forward
to compensate for the transient effect of the empty rf buckets that are
necessary for the kicker magnet rise time and a feedback loop to stabilize
coupled-bunch beam oscillations. At the time of injection into the main ring,
the net main-ring cavity-gap voltage (̂ Reani

 + ^rf^ *s verv l° w (~ 5 kV).
Therefore, the accuracy with which the rf voltage must be preset is high. This
will be accomplished by fast-current monitors located in the booster. After a
few turns, the fast feedback loops will lock-in and handle the problem.

7.1.7 RF-Power Amplifiers and Coupling into the Booster Cavity. The rf
amplifier supplies both the power to the beam P~T = Ii_Vsin<f> , ana the power
dissipated in the cavity P = V '(2R s h u n t). With feedback control for
stability, it should be possible to operate In a mode where Pc - P^. For a
maximum P^ ~ 100 kW for the booster, we need at least 200 kW from the amplifier.

Another requirement on the amplifier is a 20% frequency swing from 50 MHz
to 60 MHz. A block diagram of the amplifier is shown in Fig. 7.1-6. The Final
Amplifier is a 4CW-150,000 tetrode. This tube is very similar to the 4CV
100,000E used at Fermilab except that it has improved water-cooling
characteristics that extend its power capabilities. The output circuit; is the
accelerating cavity itself.

An equivalent circuit model was made to determine the geometry needed to
capacitively couple the energy from the rf amplifier into the cavity. Ideal
performance is defined as the presentation of a real impedance of 700 S to the
rf power amplifier tube over the full frequency range from 50 to 60 MHz. The
result yields a coupling capacitor value of approximately 20 pf.
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INTERMEDIATE
POWER

AMPLIFIER

DRIVER
POWER

AMPLIFIER

FINAL
POWER

AMPLIFIER

SOLID STATE
AMPLIFIER

200 W |goo w _|I
3CW5000

A?
TRIODE

3CW20.000
A7

THIODE

4CWI50000

TETRODE

Fig. 7.1-6. Block, diagram of rf amplifier
150,000 is mounted on the cavity.

and driver circuitry. The 4CW

7.2 Magnets

The initial version of the magnets for LAMPF II are scaled from existing
magnets at several laboratories. The main ring dipoles will be similar to the
CERN SPS B2 dipole. The booster dipoles will be similar to some H magnets
recently fabricated at Fermilab. For quadrupoles, we chose the LAMPF 6Q29/7
quadrupoles built for the high-resolution proton spectrometer. Cross sections
of these dipoles are shown in Fig. 7.2-1. There are three reasons for the
choice of magnets: the first requirement is high quality of magnetic field
inside the useful region (including the highest possible degree of symmetry of
the magnet cross section to avoid unwanted multipoles). Th« second reason is
that it is possible to scale cost estimates from previous procurements. The
third reason is that extensive magnetic field measurements exist for these
magnets. In particular, the low- and high-field performance of the SPS dipoles
are well understood and the LAMPF quadrupoles have been shimmed (including end
effects) and have essentially constant multipole components at any pole tip
field up to 8 kG. (Note that LAMPF II requires laminated quads - the 6Q29 quads
are solid core units.)

The booster is a 60-Hz, 6-GeV separated-function, rapid-cycling
synchrotron. The dipole magnets have to be designed to operate with low ac
losses and provide adequate magnetic-field quality in the gap over a range of
0.224-1.053 T. The dipoles will have laminated cores of relatively high-silicon
steel. The preliminary cross section of the booster dipoles is shown in
Fig. 7.2-1.

There will be trim quadrupoles, sextupoles and perhaps octupoles; their
construction is fairly standard and will not be discussed. There will also be
injection, fast-extraction and fast-abort kicker magnets as well as septum
magnets. The parameters for these kickers and septum magnets are given in
Sec. 5. A preliminary design of a fast-extraction kicker system is given in
Sec. 7.8. At this time there has been no design work on the injection magnets,
but it appears that corresponding magnets used for the Los Alamos PSR and the
ZGS at Argonne (Fo 79) would be adequate for our purposes.
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The choice of main ring dipoles with coil in the gap was made to minimize
stored energy and to allow operation at the highest possible field. We
considered the question of possible damage to the coils from spilled beam.
Since our separated function design has quadrupoles with coils in the midplane,
there will be only a small decrease in overall system radiation hardening
resulting from our dipole design. We prefer instead to provide very good
collimation and eliminate spills in magnets.

MAIN RING DIPOLE BOOSTER DIPOLE

Fig. 7 .2-1. Proposed magnet designs for LAMPF II (preliminary).

Following the CERN group (Bi 75), we classify the expected field errors in
four types. These are:

(a) B = constant

(b) dB/B = constant

(c) dB/B * (l/B)(dB/dt)

(d) dB/B « (B/B Q)
n

: remanent field errors

: construction errors and end effects

: eddy current effects

: saturation effects

The bending power of the dipoles is affected by all four types of error. We
have simulated these by choosing a fractional random error of the integrated
dipole field of 1.0xl0~* and for quadrupoles 1.0x10 . Systematic errors are
assumed to be corrected by steering magnets and trim quadrupoles whose strength
can be varied as necessary during the acceleration cycle.

In the Fermilab main ring, the remanent field in the dipoles led to a large
systematic sextupole field, which reduced the dynamic aperture. During the
construction of the Super Proton Synchrotron (SPS), the CERN group was aware of
this problem and was able to reduce the remanent sextupole to 6x10 of the
dipole field at the beam aperture. This reduction was largely a result of the
choice of a steel type with lower coercive force, H = 480 mOe. For LAMPF II we
assume a similar steel. Because of the higher injection field of LAMPF II, we
have assumed that the remanent sextupole will be -1.5xlO~4 at injection. At
extraction, we assume 3.0x10 * which is similar to that achieved at CERN.
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For construction errors and end effects in quadrupoles, we scale from the
experience with the LAMPF HRS twister quadrupoles. These were a set of 6Q29/8
dc magnets with 6.25 inch bore diameter, 29 inch iron length, and pole tip field
up to 0.8 Tesla. When these magnets were first measured, it was found that
there were large (2% at r = 15 cm) error fields with four fold symmetry (n-6,
10, 14, . . . ) . These errors were found in the integral fields, not in the
central field region, thus demonstrating that end effects were responsible. It
was possible to chamfer the ends of the poles and add shims to the field clamps
in order to reduce these errors to 0.15% or less (Ha 72). Over the entire
operating range, the error fields were essentially constant. We have used the
observed errors after shimming, which are tabulated in Table 7.2-1 below. Note
that only eight quadrupoles were included in the measured set so it is not
possible to make statements about the details of the random error distributions
but only the magnitudes, and rough statements about the phases.

We have not found an appropriate set of measurements for harmonic
components of dipoles. We have therefore extrapolated from the CERN data (which
were not harmonically analyzed) and the Los Alamos PSR data (which are available
at only one field level). The PSR data show significant quadrupole and octupole
terms, probably resulting from the large bending angle (36 ) of the PSR dipoles.
A midplane asymmetric effect on the order of 0.5x10 may have been seen in the
CERN SPS measurements, so we have taken a 0.5x10 skew octupole component to
represent this effect. Also, there is very little information about the CERN
upright octupole component, so we have taken 0.5x10 for this term scaled from
the PSR data. More information about the octupole term is needed because the
LAMPF II main ring is relatively sensitive to a systematic octupole. The random
sextupole was taken from the CERN data; this assumes that careful sorting of
magnet laminations minimizes variation of H among magnets.

The largest errors seen in the CERN dipole measurements were a result of
eddy currents (15xlO~4). These would be approximately 10 times worse at
LAMPF II because of the different ramping rate, magnet width, and injection
field. The proposed ceramic vacuum chamber of LAMPF II is designed to reduce
the eddy current effect to a negligible level. We have included no eddy current
effects in the tracking of LAMPF II.

The CERN data were used to estimate the effects of saturation. The only
apparent effect is a change of sign of sextupole from the injection field. We
have shown a sextupole of +3.0x10 at extraction time. Our tracking studies
included the injection time sextupole rather than extraction time sextupole
since the beam phase space is much larger at injection than extraction.
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TABLE 7.2-1

SUMMARY OF ERRORS EXPECTED IN LAMPF II MAGNETS

Normalization Radius

Main Ring Ace Quad r = 65 mm
Main Ring Large Quad r = 90 mm
Main Ring Dipole r = 77 mm

April 1986

Booster Large Quad
Booster Small Quad
Booster Dipole

r = 90 mm
r = 65 mm
r = 98 mm

Type
Systematic Error

Strength Orientation
Random Error

Strength Orientation

Quadrupole Errors (as a fraction of J"B_ua(j dz at r rnorm)

quadrupole
sextupole
octupole
decapole
12-pole
20-pole
28-pole

0.0
0.0
0.0
0.0
0.5x10
-1.5x10
0.6x10

1.0x10
0.5x10

-3
-3

_3
-3
-3

upright
upright
upright

0.15x10
0.15x10
0.15x10
0.0
0.0

-3
-3
-3

random
random
random
random
random

Dipole Errors (as a fraction of JB.. dz at r = rnorm)dip0

dipole
quadrupole
sextupole

octupole
decapole

0.0
0.0
-1.5xl0"4 upright
(injection)

+3.0xl0"4 upright
(extraction)

1.0x10
0.3x10

,-4
-4
-4

0.5x10

0.5xl0~4

0.7x10
-0.5x10-4

1/2 skew
upright

0.3x10
0.3x10-4

random
random
upright

upright

random
random

7.3 Magnet Power Supplies

7.3.1 Booster Magnet Power Supply. The high repetition rate (60 Hz) of
the boostar ring makes tn~i use of a resonant type power supply system
advantageous (Pr 83). The system has a dual frequency cosine wave where the
magnet current is first increased at a given rate during acceleration and then
reset back to the injection value at a much faster rate. The power supply
efficiency is improved and the rf voltage required is reduced as compared to a
single frequency system. Also, a flatbottom and flattop current
needed for injection and extraction.

wave form is
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Multi Function Ring Magnet Power Supply

SCR2

DC
Charge
PS

-r P PSI

Cl

PS2

-T .. "
li PS4

GTO5 GT04

SCRl

GTOI 6T03

GTO?

LCH= 18 mHy

LM= 16 mH

Cl =355iuFD

Fig. 7.3-1. Circuit Diagram for Prototype Booster Magnet Power Supply.

A prototype of such a power supply system has been designed and built by
ANL. This power supply system is now at Los Alamos and is being operated to
demonstrate the principles of this system. Figure 7.3-1 shows the circuit being
used. Figures 7.3-2 and 7.3-3 are oscilloscope tracings of the magnet and choke
currents and voltages.

A qualitative explanation of the circuit operation is easy to see by
dividing the wave form into three parts. First, during the flat portions of the
magnet and choke currents, the bypass circuit of GT02 conducts the difference
between the choke flattop current and the magnet flatbottom current. The bypass
circuit of GT03 conducts the difference between the magnet flattop current and
the choke flatbottom current.
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100 A —

Choke Current

Magnet Current

20 A —

-Acceleration •> --Reset-

Flat Top

Time Base 2ms/Div
Vertical 50A/Div

Fig. 7.3-2. Oscilloscope tracing of the choke current and magnet current
as a function of time.

Magnet Voltage
200V/Div

Magnet Current
50A/DiV

20 A

Flat Top

Time Base 2ms/Div

Fig. 7.3-3. Oscilloscope tracing of magnet voltage and magnet current as a
function of time.
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Second, the acceleration ramp of the magnet current is controlled by the
resonance of the choke, magnet and both capacitor banks Cl and C2. During this
ramp, most of the energy stored in the choke is dumped into the magnet.

Third, the reset ramp of the magnet current is controlled by the resonance
of the choke, magnet and just one capacitor bank (Cl). During this ramp, most
of the energy stored in the magnet is dumped back into the choke.

Figure 7.3-2 is a scope picture of the choke current and magnet current for
a single pulse. No makeup energy was added during the pulse to make up for the
I2R losses. This is why the choke is not fully recharged to its initial current
value. Figure 7.3-3 is a scope picture of the magnet current and the voltage
across the magnet. The voltage across capacitor bank Cl is the same as the
magnet voltage.

7.3.2 Main Ring Power Supply. The main ring power supply must operate at
3.33 Hz with a flatbottom for injection of four booster batches and a flattop
for slow extraction. The ramp must be parabolic at the start of acceleration
and the transition from accelerating ramp to flattop must also be rounded. In
future operating modes, it must be possible to operate at 6.67 Hz by eliminating
the flattop. The 6.67 Hz mode will be used for fast extraction, either for
neutrino physics or for injection into a stretcher. A second modification,
addition of a collector ring, will require operation at 10 Hz by eliminating
both flattop and flatbottom. These three operating modes are summarized in
Table 7.3-1.

TABLE 7.3-1

SUMMARY OF OPERATING MODES FOR MAIN RING POWER SUPPLY

3.33 Hz 6.67 HZ 10 Hz

Injection Flatbottom
Acceleration Ramp
Extraction Flattop
Reset Ramp

50
50
150
50

msec
msec
msec
msec

50
50

50

msec
msec

msec

50
-.

50

msec

msec

Two types of power supply are possible - SCR bridge rectifiers operating
from three phase 60 Hz, or a resonant system similar to that proposed for the
booster with both flattop and flatbottom crowbar switches. Both systems require
local energy storage - the resonant system uses chokes, while the bridge system
requires a 60 Hz generator.

In order to choose between the two systems, we must consider initial cost,
operating cost, regulation, ripple, and flexibility for future unforseen
operating modes. Because of the availability of surplus generators from the
nuclear power industry, the bridge system is the cheapest in both initial cost
and operating cost. A schematic of the proposed main ring power supply is shown
in Fig. 7.3-4. The proposed generator is a 1300 MV unit identical to that which
is being installed at Los Alamos for the controlled thermonuclear research
program.



5 . ACCELERATORS 5.-70 April 1986

TO II5KV
SYSTEM

29MVA
II5KV/IS.8KVFIT

I3.8KV SWITCHGEAR

f
r
fi

LOAD COMMUTATED
RECTIFIER/INVERTER

I3MW

FIELD
EXCITATION
RECTIFIER

0—^12

• • • • I . * '

I1

OMV'A
I2ODA
ITVPI

AUXILIARY
LOAD

TURBO-GENERATOR

I3OOMVA

POWER
SUPPLY
UNIT

POWER
SUPPLY

UNIT

POWER
SUPPLY

UNIT

POWER
SUPPLY

UNIT

Fig. 7.3-4.
power supply.

Simplified one-line diagram of proposed LAMPF II main ring

A more detailed study of the main ring power supply is underway. By the
end of 1987, we expect to have studied the expected lifetime of the generator in
this service, the required control and ripple reduction systems, and
possibilities for a future upgrade to 60 GeV. We will also refine our
comparison of Initial and operating costs for the two systems.

7.4 Vacuum System

In order to meet beam stability requirements, we must have a low impedance
vacuum system. Special attention must be given to the engineering of this
system including grids over all pump ports, gradual transitions between vacuum
pipe shapes, finger stock inside all bellows, special shields inside injection
and extraction kickers, and rf shields for all laminated beam bump and septum
magnets. Careful consideration must be given to all instrumentation. An
impedance measuring facility has been established. All components installed in
the rings will be required to pass longitudinal and transverse impedance tests.

Both the booster and main ring magnets will have ceramic vacuum chambers of
slip-cast, high-density, high-purity alumina. This provides an excellent vacuum
surface, readily bakeable, for the desired 10~7 Torr level (Ne 84) with high
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radiation tolerance in case of beam spill. The dipole chambers will have short
straight sections joined to approximate the 20.4 m radius of curvature of the
booster magnets. Joints will be glass-sealed (400 C° to 1000 C° in air) with
the end joints made by brazed-on thin metal flanges which can be edge welded.
The brazed joints also serve the function of transferring the conducting surface
from the inside of the adjacent metal pipe to the outside surface where the
conducting stripes on the ceramic are located.

The main reason for the ceramic chamber is to avoid eddy-current heating
and eddy-current magnetic field distortion caused by the rapid-cycling guide
field. A conducting surface on the inside of the chamber is required to avoid
the buildup of static charge. Furthermore, one needs a low-impedance path for
the high-frequency image currents necessary for beam stabilization. The lov
impedance path will be provided by longitudinal copper stripes plated on the
outside of the ceramic chamber as in Fig. 7.4-1. Initial measurements of the
resistivity of the copper stripes on Fig. 7.4-1 gave a result about two times
higher than OHFC copper. Thus the stripes will have an impedance |Z/n] = 1 ohm
at n • 1, The capacitors required at the ends of the longitudinal stripes will
dominate the impedance at low frequency. At frequencies near the rr frequency,
the high capacity between layers (-200 pf per cm at each crossing) will make
the proposed pipe nearly equivalent to a continous coated tube. At frequencies
on the order of 10 GHz, the inner coating will carry the image current and
prevent excitation of wall thickness resonances. Longitudinal and transverse
impedance measurements will be used to set the parameters of the stripes and the
interior coating.

Third layer, Cu
I cm wide x IOO/i
Separation 0.05cm
Single longitudinal
Connection

Alumina
Vacuum
Chamber
0.5cm thick

inside coated
W-tb Cu
I f.i thick

—Fourth layer,
Glass dielectric
\50-l

Second layer
Glass dielectric
(O.OO!5-O.OO2in.)
40 -50/i thick

First layer, Cu
I cm wide x ICO/J.
Separation I cm

Fig. /.4-1. LAMPF II dipole-magnet vacuum chamber (preliminary).
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Several alternatives to the proposed vacuum pipe will be considered.
Stripes on the inside of the pipe would eliminate any possibility that
dielectric losses in the ceramic wall could affect the beam. A cage of wires
such as that installed in the ISIS machine at Rutherford (U.K.) is another
possibility, but would increase magnet and power supply costs. A 100 y wall
titanium vacuum chamber with construction similar to the DESY II vacuum chamber
would minimize wall thickness. Development of vacuum chamber alternatives will
proceed in parallel at the several kaon factory projects and exchange of results
may ultimately result in an optimized system.

7.5 Controls

This section addresses the scope of the controls network and comments on
special requirements. Although the LAMPF II accelerators are unique in
combination, the separate elements present few unique or new controls problems.
The LAMPF linac already runs a high-power beam with high repetition rate and a
complicated pulse-to-pulse beam distribution. The booster synchrotron timing
requirements are generally similar to the PSR. The circulating beam currents
are also comparable to the PSR, and much of the instrumentation is similar. We
therefore conclude that the experience necessary to implement the LAMPP II
control system is readily available. The technical details, especially in the
computer system, will be defined at a later date assuming state-of-the-art
techniques. We expect that the falling cost of computing units enable a safe
scaling of current project data system costs to the demands of LAMPF II.

7.5.1 Function of the system. The primary function of the control system
is to provide operator interface to the equipment. The modern control system
excels in human-engineered features. Selective display of data and
concentration of controls improve operator efficiency. Automation of routine
tasks such as monitoring do improve machine reliability.

The beam-ready system can be implemented with locally generated software,
as in the PSR, or with commercially-available programmable hardware. Either
approach can reduce the labor required to keep the beam-ready system accurately
reflecting the beamline hardware. The timing-gate system is another autonomous
function that benefits from computer programmability and the emergence of
commercial equipment.

We expect to build a system with adequate redundancy, for example, with a
backup of the central control computer (if that architecture were chosen). The
second computer will normally be available for machine- and control-system
development.

7.5.2 Issues in choosing a computer system. The main issues in designing
a computerized control system are the size and complexity of the demands on the
system, communication network configuration, compatibility between the main
large computers and the computers' controlling pieces of equipment, equipment
interfaces, software configurations, and cost.

There is a considerable advantage in using computers of the same
architecture from the microprocessor-chip level to the large, powerful machines
and in requiring that this architecture provide a large (32-bit) address space.
Both these considerations will result in considerable savings in the cost of
writing and testing software. Another consideration in the choice of a computer
family is the availability of useful control and debugging software aud staff
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familiar with its us**. These costs can easily exceed the hardware cost
advantage of a particular vendor.

Most control systems place computers at two or more levels in the system.
At the highest level, the main function of the computers is operator interaction
and support. At the next level are the equipment computers that provide the
monitoring functions of the system and in which are coded the specific
procedures for each piece of equipment. The number and size of computers at
this level is determined by the number, as well as the amount of activity each
generates. On general principles it is better to build as much control into the
lower-level computers as possible, thus relieving the higher-level computers
from communications tasks.

The choice of communications network, is between a message-based networking
system, and a bus-to-bus connection such as shared memory. The former is
receiving much attention and development with products like Ethernet, but it
uses more overhead. The bus-to-bus connection, as in Fastbus, might be provided
by connecting the various computers in some way to a modern 32-bit backplane.
The communications medium standard is presently coaxial cable. Optical fiber,
providing wider bandwidth, is being commercially developed and may soon be an
attractive alternative. Optical cable may be used for communication among
computers but cannot be used in the accelerator tunnel because of a low
radiation damage threshold.

7.6 Instrumentation Interface

The final choice to be made is how to connect particular pieces of
equipment to the computers of the system. Currently, CAMAC is the clear choice
in the field and is likely to remain so for some years. However, another
possibility being explored at CERN for LEP is the use of a small microprocessor
system for each piece of equipment with an ASCII network connection to the
equipment computers. The equipment engineers (not the controls staff) program
these microprocessors.

7.6.1 Number of channels. The size of the control system depends on the
number oT channels. A number of recent projects, including the SLAC SLC, OERN
PS controls upgrade, and the Fermilab Tevatron used roughly 30,000 channels. We
assume LAMPF II will require 10,000 low data rate channels each for the booster,
main ring, and experimental areas. In addition, 10% of the channels will be
high-cost channels for higher data rate, higher precision, etc. The low-data-
rate channels are suitable for turning equipment on and off and monitoring
relatively-slowly changing voltages, currents, etc. The high-data-rate channels
are needed for some diagnostics like beam-position monitors and for timiag and
synchronization pulses.

7.6.2 An illustrative design using today's technology. For the purpose of
costing a system, the present PSR control-system design will be used with some
extensions to meet the LAMPF II control requirements. This system is described
in (Cl 83). Figure 7.6-1 shows a possible computer control system. The console
is driven by one of the two upper-level machines. The second machine acts as a
development machine but can be connected quickly as the spare if necessary.
Both computers share a common, redundant disk and tape system. As we said
above, the intercomputer network standard for LAMPF II remains to be defined.
The remote equipment interface standard is assumed to be CAMAC, at least for
purposes of costing.
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Fig. 7.6-1. A possible computer architecture for the LAMPF II system.

7.7 Beam Diagnostics

This section briefly reviews the various types of beam diagnostics
necessary for LAMPF II. As we found with controls, few new techniques appear to
be needed. Most of the instrumentation has been developed for the LAMPF linac
and proton storage ring (PSR). We will, however, need to pay special attention
to the impedance of the monitors as seen by the beam.

Beam properties to be measured are the beam current, beam losses, the
particle distributions in transverse and longitudinal phase space, and
synchronous properties in the rings. Subsystems have various requirements on
speed, accuracy, detail, bandwidth, etc. Specialized subsystems may participate
in active control loops.

7.7.1 Beam Current Monitors. Precision measurement of the beam current is
essential for control of losses, obtaining reproducible setpoints, and use in
feed-forward control. Because the beam in both LAMPF II rings is bunched, beam
transformers are an appropriate choice for current monitors. Broadband
transformers and signal processing are necessary because the frequency varies by
20% during the cycle. Beam current monitors are required on all injection and
extraction lines, on all beam dumps, and in both rings. Special current
monitoring is required during fully debunched slow extraction from the main
ring.

7.7.2 Loss Monitors. An accurate, nonsaturating loss monitor is required
as a trigger for the fast abort system. This system should be equally sensitive
at all points in the ring. We propose to use a long "air core" coaxial cable
<~ 2.54 cm diameter) completely encircling each ring. Such cables will also be
installed parallel to each injection and extraction line. In order to assure
reliable operation at high peak currents, we will either fill the lines with
helium gas at slightly above one atmosphere pressure, or use the lines evacuated
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as secondary emission moritors. Some testing is required to obtain the best
choice.

Local monitors of losses are also required. This monitoring will be done
with sealed ion chambers filled with helium gas or ACEMs (Aluminum Cathode
Electron Multipliers) in order to obtain reliable operation at high peak
current. Monitors will be placed near each beam transfer point, each beam dump,
each collimator, and at other key loss points around the ring. A few local
spill monitors with good time resolution are required in order that it is
possible to study the time dependence of spills from turn-to-turn.
Scintillation counters will be provided for this purpose.

7.7.3 Beam Position Monitors. A beam position monitoring system has been
installed In all quadrupoles in the PSR and at many points in the beam lines.
This system uses four-plate pickup of the image current, with initial signal
processing at the rf frequency to maximize signal-to-noise. In daily operation
at PSR, this system has proved to be accurate, reliable, and trouble-free. A
similar system will be used at LAMPF II with modifications required because of
the 60 MHz rf frequency and variation of frequency during the acceleration
cycle. A parallel readout system is required so that it will be possible to
record beam positions on several consecutive turns.

7.7.4 Schottky Monitors - Longitudinal and Transverse. Frequency analy-
sis of the longitudinal and transverse signal is an extremely powerful tool for
accelerator diagnostics. We require a few well-designed pickups with
appropriate frequency response. Some of these should have frequency response up
to several GHz, while others should be designed to work near the beam revolution
frequency (200 - 800 kHz). The Fourier transformed output will be made
available to the central computer for display and control functions. Special
versions of the Schottky monitors are required for diagnostics during debunched
slow extraction in the main ring.

7.7.5 Beam Profile Monitors. Beam profile information is essential to
full control ol tune shifts, extraction and injection, and beam losses.
Unfortunately, there is no good solution to the non-intercepting beam profile
monitoring problem. We are therefore faced with providing a large number of
special-purpose intercepting monitors. The most reliable monitor is a
calibrated beam bump which moves the beam against a collimator or magnetic
septum. Fast wire scanners are also useful. Even though harps destroy the beam
in a ring, insertable harps should be available for diagnostics during the first
few turns after injection.

H~ beam monitoring requires special attention. Control of H+ and the
stripped electrons is necessary to avoid the disturbing of downstream monitors.
Techniques developed for H~ diagnostics at LAMPF will be applied in the LAMPF II
swi tchyard.

7.7.6 Scrapers and Collimators. Scrapers and collimators are an essential
part of beam profile monitoring. THey are most useful if they are located at
half wavelengths in betatron space upstream of well instrumented beam dumps. In
LAMPF II, the fast abort beam dumps will also be used to accept the scattered
beam from scrapers and collimators. The programmed abort septa will assure that
a large fraction (90% or greater) of the beam intercepting the scrapers and
collimators will be transported to dumps rather than activating the rings.
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The kicker-magnet systems provide the pulsed magnetic fields for the beam
transfers and for the fast abort systems. The kicker-magnets are based on
low-inductance ferrite magnet modules. Each module is a self-contained pulsed
magnet consisting of an energy storage capacitor, a high current switch, the
electrical control circuitry, and a low-inductance ferrite magnet. A module
design is shown in Fig. 7.8-1. A single module is capable of reaching a
magnetic induction of up to 0.025 T in 100 ns, and of holding this field to
within 0.1% for a duration of 4.4 us. For the fast abort systems, the magnitude
of the current pulse delivered to the magnet is ramped to track thd acceleration
cycle as the beam momentum increases; this is accomplished by timing a sequence
of switch closings in the pulser control and energy storage circuitry. For beam
transfer applications, the pulsers only need to deliver a fixed current pulse.
A single module is approximately one meter long and can produce a maximum Fi^lu
integral of 0.022 T-m. Modules are cascaded to obtain the required transverse
kick. In this way, the different kicker-magnets can be assembled from these
modules to match the particular requirements for injection, ejection, and fast
abort.

Current from
High Voltage Pulser

Thin Sheet of Conductor

Ferrite Flux Return

Current Return

p i ] Ferrite [ | Conductor

Fig. 7.8-1. Design concept for LAMPF II kicker magnet module.

A magnet module consists of two oblique rectangular conductors that reside
on either side of the beam pipe and a surrounding ferrite box that makes up the
flux return and pole pieces. The aperture is approximately 25 x 10 m . The
interactions between the beam, the beam pipe, and the kicker-magnet presents an
interesting design problem. A thin-walled beam pipe (less than a skin depth at
frequencies near the kicker risetime) would allow the rapid penetration of the
kicker-magnet's field into the beam volume. Howeve-, a thin-walled pipe would
not adequately shield the beam from the impedance discontinuity caused by the
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presence of the kicker-magnet. The result is an excitation of a transverse
instability in the beam.

Several designs are under study to overcome the beam impedance coupling
problem. In one design, suggested by R. Shafer of Fermilab, the kicker-magnet
ferrite is split down the middle and two thin insulated strips of conductor are
inserted, as shown in Fig. 7.8-1. This breaks the magnetic coupling between the
ferrite and the beam and greatly reduces the impedance seen by the beam.
Alternatively, the beam pipe in the kicker-magnet aperture can be modified to
reduce the coupling and still allow rapid magnetic flux penetration. This can
be accomplished by breaking the conductor on the beam pipe into rings and
connecting them with diodes. A more exotic approach is to use a superconducting
beam pipe. When the kickei-magnet is not energized, the pipe would be in a
superconducting phase and would completely shield the beam from all outside
influences. When the kicker-magnet is pulsed, the large magnetic field would
switch the pipe into a normal conducting phase through the Meissner effect and
allow the field to penetrate. The kicker-magnet would supply the field to
switch the pipe and to kick the beam. At the conclusion of the pulse, the pipe
would return to the superconducting state. Development work on these and other
shielding concepts is under way.

/^-N^-N V

Control
Circuit

Auxiliary
Inductor

\ " • • • "

j ii T

?" '•••
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"*" 1 L2
1 Maanet

Inductance

Fig. 7.8-2. Preliminary kicker magnet pulser circuit diagram.

The pulser drives the ferrite magnet as an Inductance, rather than as a
transmission line. This mode of operation was selected because of the
relatively long pulse duration (4.4 us) required by the main ring ejection
system and the desire to keep the charging high voltage low. The pulser
transfers energy from a capacitor to an intermediate inductor and then from this
inductor to the magnet as shown in Fig. 7.8-2. The current in the magnet is
controlled by adjusting the charging in the intermediate inductor and by an
auxiliary trimming current source in the magnet circuit. To assure reliable
operation, relatively low high voltage (less than 30 kV) is used to charge the
energy storage capacitor and a diode is used to switch the current to the
magnet. This voltage is adequate to deliver a 1.2 kA current pulse with a
risetime of 100 ns across the 2 pH inductance of the ferrite magnet. This
design has the advantage of having only radiation-hard components near the beam
pipe, i.e., r'.<a intermediate inductor, the thyratron, and the ferrite magnet.
The energy •* >rage and control electronics can be located away from the high
radiation environment increasing the ease of maintenance and improving system
reliability. Pulser development is continuing and we expect to significantly
improve the performance of the kicker-magnet systems through developments in the
pulser instrumentation.
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8. SHIELDING AND ACTIVATION

8.1 Magnitude of Losses

There are a number of possible spill sources in the LAMPF II accelerators.
Our accelerator calculations have not progressed to the point where it is
possible to estimate the losses with certainty. A list of the expected upper
limits is given in Table 8.1-1.

TABLE 8.1-1

EXPECTED SPILL UPPER LIMITS IN LAMPF II

Location

Booster

Injection cleanup
H° dump
Collimators
Uncontrolled spill
Abort dump
Fast extraction

Main Ring

Injection cleanup
Collimators
Uncontrolled spill
Abort dump
Slow extraction

Fraction
(X)

3
2
3
1
1
1

1
3
2
3
1

Energy
(GeV)

0.8
0.8
1.2
6.0
1.6
6.0

6.0
9.0
45.0
45.0
45.0

Proton/s

3 x 10"
2 x 10"
3 x 10"
1 x 10"
2 x 10^
1 x 101J

2 x W12

6 x lO1*
A x 1 0 "
6 x 1 0 ^
2 x lO1^

Frequency

continuous
continuous
continuous
intermittent
intermittent
continuous

continuous
continuous
intermittent
intermittent
continuous

A system of beam loss monitors and interlocks will reduce injected beam
duty factor to strictly limit beam losses in aborts and uncontrolled spills.
Experience at LAMPF indicates that tuning to prevent losses is feasible with
this logic.

The slow-extrac;ion system of the main ring will intercept less than IX of
the beam. Most of this loss will be localized to the magnetic extraction
septum. We havt conservatively estimated that the booster extraction system
will spill the saiw amount of beam. This allows for the future addition of a
slow-extraction system for the booster, if desired.

From an examination of the list of losses, it is clear that all but the
uncontrolled spills will be at well-defined locations. Thus local shielding of
these points is possible. The uncontrolled spills will be kept to a level that
does not activate the machine.
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8.2 Shielding Requirements

The LAMPF II accelerators will be located underground in tunnels. The beam
line elevation in the tunnel (6890 feet) was chosen to put the machines far
enough underground that buildings on the surface can be occupied iwmally by
full-time employees. Because of the large numbers of employees already located
above the proposed rings, we have been extremely cautious with our shielding
requirements.

The required shielding is based on a continuous loss of 10 protons/s at
any one spot. This will be more than sufficient for the uncontrolled spills,
which will most likely be distributed in many places around the ring. There is
no problem with a single pulse, as one complete pulse of the booster could be
spilled every two seconds without exceeding this limit. Although 10 in a
single spill is a large loss of beam, existing machines, such as the Brookhaven
ACS, routinely tolerate accidents of this magnitude without short-term damage to
components. Thus the most important problem is protection of people who may be
working on the surface. Additional local shielding will be provided around
dumps, collimators, and septa to keep the surface dose to the required level.

There is considerable experience with the shielding necessary for 1- to
30-GeV protons. The work at CERN has been particularly well documented (Go 71).
The shielding requirements for LAMPF II have been based on the CERN data. The
minimum requirements for transverse shielding are presented in Table 8.2-1.

Longitudinal shielding requirements are more difficult to determine since
the longitudinal dose after thick shielding is dominated by muons. Untested
extrapolation from existing data is required to set the longitudinal thickness.
Fortunately, the LAMPF II accelerator site layout naturally provides a far
thicker longitudinal shield than transverse shield. No normally occupied sites
are located close to the regions that have a risk of longitudinal shield
penetration. Additional transverse or longitudinal shielding in the form of
earth or concrete can be provided to correct any weak spots at moderate cost.

The site plan for LAMPF II is based on 63' transverse and 300' longitudinal
shielding in virgin tuff. These are chosen somewhat larger than the minimum
requirements shown in Table 8.2-1 in order to have a margin for ash pockets,
etc., and to allow intensity upgrades in the future. The beam-line elevation of
6890 feet of the LAMPF II accelerators was chosen to meet the transverse
requirement. The longitudinal shielding requirement neetir further study.

TABLE 8.2-1

MINIMUM TRANSVERSE SHIELDING REQUIREMENTS FOR LAMPF II

Thickness Thickness
(m) (feet)

Steel 3.8 12.5
Compacted tuff 13.0 43.0
Virgin tuff 16.3 53.0
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9. MODIFICATIONS TO LAMPF I

The present LAMPF linac will make an excellent injector for LAMPF II. The
injection beam requirements for the booster are 144 uA of H~ at 60 Hz pulse rate
with 50 MHz bunching and with 6/66 micropulsas blanked to make a notch for the
extraction kicker risetime. With a conservative 750 us pulse length, this
translates to 3.2 mA peak after bunching and chopping; if there were no gain
from bunching, the injector beam before bunching would be 14 mA. The LAMPF H~
source in its f*rst year of operation delivers 8 mA. The LAMPF Ii requirements
are expected to be met by a combination of source improvements and buncher gain.
H~ source development is underway at Los Alamos and other laboratories;
operation at the required level for LAMPF II is expected for the PSR within a
year or two. Similarly, the necessary chopper-buncher system is installed on
the present H~ source and can be modified for 50 MHz operation. Ultimately, an
RFQ may be added to increase bunching efficiency to four and allow reduced duty
factor in the linac. All other operating parameters discussed are within
present capabilities of the linac, which routinely runs up to 1 mA average of H+

at 9% duty factor.
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10. POLARIZED BEAMS

LAMPF II can be made to accommodate polarized beams. In the following
sections we show calculations indicating that with careful a?^ignment and pulsed
magnets it should be possible to obtain polarized beam at any energy up to
45 GeV. In the main ring there is enough space for Siberian snakes if
conventional techniques prove to be unsuccessful. The polarized beam current
depends on future improvements to the polarized H~ ion source, which are beyond
the scope of this document.

10.1 Mechanisms for Depolarization

In a proton synchrotron the polarized beam is injected and then accelerated
with its polarization parallel to the vertical guide field. Off-axis particles
that encounter horizontal field components experience a spin precession of 2nGy
each turn. The
magnetic moment (=
E/m. If K is close to \in, where

quantity K = Gy is called the spin tune; G is the anomalous
1.7928 for protons); and y is the usual relativistic factor

nyvy nsvs + n (10.1-1)

then a small perturbing magnetic field will lead to a substantial deviation of
the spin direction and, hence, depolarization. In Eq. (10.1-1) \> , v , and \>

the horizontal, vertical, and synchrotron tunes, respectively; n , n , n ,are
and n are integers.

The degree of depolarization depends upon the difference between K and VQ.
The depolarization resonance width e(K) is the width of the interval around \>Q
such that a beam of particles with K at the edge ot that interval will have its
polarization reduced by > 50%. Normally one does not sit at a depolarization
resonance but rather passes through resonances during the acceleration phase.
The Froissart-Stora equation (Fr 60) gives the amount of depolarization that
occurs for an adiabatic passage of an accelerated beam through a resonance:

-^ = 2exp(- n2|e|2/2a) - 1 (10.1-2)

In Eq. (10.1-2) P* (P^) is the polarization long after (before) passage through
the resonance. The quantity a is the crossing speed anc' is given by

« = _ (GAy - (10.1-3)

where Ay and A\>Q are the changes in y and VQ per turn during acceleration.
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There are two ways to avoid depolarization: either one quickly crosses a weak
resonance |e| /a « 1 or slowly crosses a strong resonance |ep/a » 1, in which
case the spin will be totally flipped. The depolarization resonance width e is
given by (Co 80)

2nr
e(K) - i - U&)e~iKe d9 , (11.1-4)2 n J

i2n oJ

where £(9) is a function of the spin tune, magnet lattice, and the vertical
excursion of the beam. The form of Eq. (10.1-4) is a Fourier amplitude, and
e(K) will be significant if £(9) contains frequencies that coincide with K.

The strongest depolarizing resonances are of two classes! (1) imperfection
resonances that occur for K - n and arise because of errors in magnet alignment;
(2) intrinsic resonances that occur when K = mS ± v , where S » superperiodicity
of the machine. In calculating e, one uses for the vertical excursion (1) the
vertical closed-orbit distortion or (2) the size arising from betatron
oscillation, respectively, for these two cases. The letters n and m represent
positive integers. There are weaker resonances excited by, e.g., magnet errors
but we wil!1 not study their properties here.

10.2 Depolarization in the Booster

A program was written to study depolarization in the booster during
acceleration. Equation (10.1-2) was used to evaluate the depolarization at each
resonance crossing. The value of Ay was calculated with the aid of Eq. (4.1-3).

Three intrinsic resonances are encountered during acceleration from 0.797
to 6.0 GeV for the booster with six superperiods (S=6). We assumed the vertical
excursion y(9) = (|3 (9)e ) where (3 is the vertical beta function and e is
the geometric emifiance. We take a worst-case estimate of ey « 15 it mm-mrad at
0.797 GeV and assume e damps inversely with momentum. In Table 10.2-1 we list
the momenta and Pf/Pj tor the three resonances, first for fr\>Q = 0, and then when
we utilize pulsed quadrupoles to speed up passage through resonance AVQ > 0. We
observe the K = v resonance is the strongest, causing a complete
depolarization; we require a A\>Q of 0.05 in one turn to offset this effect.
Under real conditions, we expect small emittances, of course, so even smaller
values of AVQ would be required. The depolarizations due to the other two
resonances are expected to be much smaller.
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TABLE

DATA FOR THE 300STER

p (GeV/c)
<

2.034

5.298

3.93

10.2-1

INTRINSIC

Pf / Pi
AVQ = 0)

-0.035

0.922

0.976

RESONANCE

0.

0.

0,

) >iO

,973

.990

.997
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0.05

0.01

0.01

A similar analysis was performed for the 10 imperfection resonances 4 < N <
13; this time the vertical excursion was taken to be the vertical closed orbit.
The closed orbit was generated in a Monte Carlo simulation that assuf.-d vertical
magnet misalignments of up to ± 2a with a = 0.2 mm. Figure 10.2-3 >.••• z plot
of Pf/Pi obtained at each value of N; some depolarization is predicted for N >
9. This depolarization can be cured by "harmonic matching," that is, simply
introducing vertical kicks that are adjusted to cancel e for each value of n (Ch
83).
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Fig. 10.2-1. Spin depolarization from imperfection resonances in the booster.

10.3 Depolarization in the Main Ring

Similar studies were performed for the main ring during acceleration from 6
to 45 GeV. The low superperiodicity of the racetrack (S = 2) means that 75
intrinsic resonances must be crossed. The values of Pf/Pj were calculated for
the intrinsic resonances using a "best case" starting input euittance at 6.0 GeV
of 0.5 Ji mm-rad. It was observed that Pf/Pj > 0.999 for all K = 2 m - \> .
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Table 10.3-1 lists the resonances, momentum, and Pf/Pj for the three cases with
K = 2 a + v , where Pf/Pj < 0.98. Tune-shifting quadrupoles can reduce these
depolarizations to less than 1%.

TABLE 10.3-1

INTRINSIC SPIN-DEPOLARIZATION RESONANCES FOR THE MAIN-RING

Resonances p GeV/c

16 + \> 11.712 0.980

18 + u, 12.762 0.838

£f^i

58 + u. 33.717 0.927

The situation for the 73 imperfection resonances to be crossed is shown in
Fig. 10.3-1 for 14 < N < 87. We assume a = 0.2 mm. Very little depolarization
is expected according to this analysis. It must be stated, however, that the
imperfection resonances do represent a formidable challenge just by virtue of
their large number and close spacing.

1.10

o.oo

-1.10
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Fig. 10.3-1. Depolarization in the main ring from imperfection resonances.
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10.4 Use of a Siberian Snake in the Main Ring

Another possibility for avoiding depolarization in the main ring is through
use of the so-called Siberian Snake (De 77). The standard snake is a series of
horizontal and vertical bending magnets that makes the spin tune K - 1/2 and
does not affect the beam orbit outside of the device. Thus the spin tune is
independent of the beam energy and resonances are not crossed during
acceleration. The snake fields are ramped proportionally to particle velocity
(Te 78).

The usual snake (Type I) rotates the polarization by 180° around the
longitudinal s axis; the "*ype II snake rotates the polarization by 180° around
the horizontal (x) axis (Ch 83). Typically, eight consecutive dipoles are
required - the total bend strength (jBd8) needed is about 19 T-m. The apertures
are substantial (gaps of 20 cm) so the fields should be less than 1.5 T.
Nevertheless, sufficient free space has been left in the main ring long straight
sections in order to accommodate one snake n each side of the machine. We
propose to use just one type I snake. This will rlip the y component of the
spin on each turn, resulting in reversal at 300 kHz as seen by the users of the
beam. This very rapid reversal will be advantageous in reducing systematic
errors in experiments. To take full advantage of this rapid reversal, it may be
necessary to use 1/3 integer slow extraction for polarized beam.

A recent suggestion of E. Courant is that a snake can be made from a
helical magnet such as that used for producing circular polarized light in
synchrotron light sources. A helical magnet of four Tesla could be on the order
of ten meters long and would not require a significantly larger aperture than
that required to contain the beam phase space. Further study of the helical
snake could be very productive.
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11. ACCELERATE RESEARCH AND DEVELOPMENT

The innovative research and development work inspired by LAMPF II has
attracted world-wide interest. Our goal of a rapid-cycling, high-intensity
accelerator led us immediately to examine the basic techniques and components on
which such a machine would be based. In this section we note some of the areas
which we are studying with particular attention paid to possible applications to
other machines. We emphasize topics for which some progress has already been
achieved.

Approximately one-half of all available funds are being devoted to a
full-scale demonstration of the application of perpendicular-biased
ferrite-tuned rf in proton synchrotrons. As discussed in Sec. 7.1, we have
already achieved more than an order-of-magnitude lower loss in the ferrite than
the older parallel-biased technique. Furthermore, the use of microwave quality
ferrite has opened up the frequency range between 100 and 5000 MHz, in which no
efficient tuners were previously available. We are now in the process of
developing a full-scale cavity with tuner, bias supply, and power amplifier.
This system will be tested in an existing machine such as the Los Alamos Proton
Storage Ring (PSR)- Already, other laboratories around the world have picked up
this idea. A 110 MHz ferrite-tuned cavity has been constructed for the LEP
project at CERN. The Chalk River group (Canada) is designing a tuned cavity for
HERA using our techniques. The SSC injector, as discussed in the April 1986
design report, requires tuneable rf in exactly the same frequency range
(50-60 MHz) as LAMPF II and the perpendicular-bias technique may be chosen for
SSC.

An interesting spin-off of the LAMPF II cavity project comes from our need
to reduce the extremely high Q of the cavity in a controlled way, particularly
for higher modes. We have pioneered the use of commercial 50 ohm loads
capacitively coupled into the cavity. We have already demonstrated an average
power capability of our technique two orders-of-magnitude higher than the method
used at Fermilab for the antiproton debunching ring cavities which are in the
same frequency and Q range as the LAMPF II booster cavities.

The LAMPF II experimental area design, with only one proton line, two
targets in series, and many zero-degree beam lines on each target, represents a
major advance compared with techniques in use at other high energy laboratories
including CERN, Brookhaven, and KEK. The total kaon and other secondary beam
yield per proton is more than two times larger than the earlier LAMPF II design,
and much larger than at the older labs. The experimental areas are discussed
more fully in Chapter 6. The LAMPF II experimental area proposal has been
adopted by the European Hadron Facility (EHF) group.

It has been suggested (Ts 85) that internal targets might make possible
kaon beams of ten times more intensity than conventional slow-extracted external
beams, because of the higher brightness of the kaon source. We expect to study
internal targets and consider whether a suitable collimation system can be
designed to protect the ring from activation.

We have developed a simulation code for "painting" in H~ injection. The
proposed scheme for filling the LAMPF II booster is simple and effective. The
injected phase space is blown up by a factor of more than 1000 without
observable granularity or unwanted correlations. This work has also been
applied to a number of other machines. We have demonstrated that the European
Hadron Facility booster can be filled adequately with a 2-of-8 pulse structure
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from the linac, saving substantially on the cost of the proposed injector.
Following our suggestion, tha SSC H~ injection from linac to booster has been
changed to synchronous bucket-to-bucket transfer with painting ti> achieve the
desired longitudinal phase space (Co 86). For the SSC, our proposal eliminates
altogether the need for debunching and rebunching at 100 GeV, which is
complicated and expensive, and gives more control of the longitudinal phase
space. We have also suggested an improvement in the TRIUMF kaon factory
injection scheme which can readily be accomplished by using our vertical
painting technique. Further study, combining the TRIUMF horizontal injection
with our vertical painting scheme, could result in reduced foil hits and lower
injection losses for LAMPF II.

Magnet power supplies for a rapid-cycling machine are a serious problem
because of the large peak power required to raise the magnetic field in a short
time. The traditional solution, a resonant supply, is difficult to control
(especially if the power line frequency changes) and requires n/2 more rf volts
per turn than the linear ramp system used in most existing high-energy machines.
Responding to our request, W. Praeg (Pr 83) proposed a dual-frequency supply
with three times slower rise time than reset time (see Sec. 7.3). This dual-
frequency system minimizes the total cost of rf and magnet power supply. The
possibility to generate both a flatbottom and flattop solves the problem of
matching the injection time to the linac and will permit slow extraction. This
also solves the problem of matching the line frequency to synchrotron frequency,
since the flatbottom time can be adjusted to follow the line frequency with a
negligible change in makeup power. The TRIUMF and EHF groups have adopted the
dual-frequency resonant system for their accelerator designs. At the present
time, only LAMPF II is actively developing resonant magnet power supplies.

The vacuum chamber foi a rapid-cycling machine requires an innovative
solution (see Sec. 7.4). The problem is conflicting requirements of
transparency to the 60 Hz (or 10 Hz) guide field and the need for a good rf
shield for beam stability. Cost, reliability, radiation resistance, and good
vacuum characteristics are also important considerations. We have p-oposed a
multi-layer metallized ceramic ".hamber with conductors applied using the
technology of hybrid circuits on a larger scale. To make this scheme work, we
must demonstrate that we can produce multi-layer conductors which cross the
joints in the pipe. Furthermore, we must demonstrate with measurements that the
beam coupling Impedance meets stability requirements. We have established both
a small ceramics fabrication facility and a coupling impedance measurement lab.
After initial work on the vacuum chamber, these will be useful for innovative
work on beam diagnostic instrumentation. The impedance measurement facility is
useful for several accelerator projects at Los Alamos.

The kickers for a rapid-cycling machine are an interesting development
project. Because of the 60 Hz repetition rate, it is necessary to improve the
lifetime of the pulser system by more than an order-of-magnitude. This can be
done by more conservative operation of the pulser. Our modular kicker concept
allows us to use many conservatively rated pulsers operating in parallel. We
can also build in redundancy to allow operation of the machines even with 10-20%
of the kickers down.

Our proposal for kicker shields has attracted interest in the accelerator
community (see Sec. 7.8). In particular, the idea of a superconducting shield
which goes "normal" during the kicker pulse looks like the ultimate solution to
an otherwise extremely difficult problem. The ceramics fabrication and
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impedance measurement facilities will be used to fabricate and test rf shielding
concepts.

In order to facilitate rapid development of ideas and techniques, we have
made strong contacts with the other kaon factory groups (EHF, TRIUMF Kaon, and
KEK). Our interaction with SSC has been particularly fruitful for both LAMPF II
and SSC. Ve have started a program of exchange of staff with all of these
groups. We have also set up a World Workshop on Kaon Factory Technology, which
will be held at Los Alamos February 2-6, 1987.

The small accelerator deveopment group, MP-14, has contributed solutions
and analysis of a wide range of accelerator problems. The LAMPF II internal
reports resulting from this effort are shown in Table 11.-I.

TABLE 11.-I

LAMPF II TECHNICAL NOTES

1985

85-001 Simulation of Acceleration in the 6 GeV Booster, E. P. Colton.
85-002 RF Manipulations for Matching between Synchrotrons, E. P. Colton.
85-003 Multiple Achromatic Extraction System, C. Tschalar.
85-004 Summary of Linac Cost Studies, T. Boyd.
85-005 Unit Cost of Components for LAMPF II Linac, Paul C. Bunch.
85-006 Cost Estimate of Buildings and Support Services for LAMPF I* Injector,

Paul C Bunch.
85-007 PSCAT - Random Number Generator for Plural Scattering in Stripper Foil,

H. A. Thiessen.
85-008 Cost of LAMPF II Add-On Linac, T. Boyd.
85-009 Cost VS. Energy and Bunching for Several Possible Injectors fcr EHF,

T. Boyd.
85-010 A New Concept Using Internal Targets - LAMPF II Experimental Area,

C. Tschalar.
85-011 Transverse Space-Charge Effects for the LAMPF II Scenario, E. P. Colton.

1986

86-001 Filling the Longitudinal Phase Space of the BEB with the RF on,
E. P. Colton and H. A. Thiessen.

86-002 LAMPF II Dipole Magnets: Static Comparison of Window-Frame and H-Frame
Designs, S. J. Greene.

86-003 Longitudinal Dynamics in Synchrotrons, Eugene P. Colton
86-004 Step by Step Explanation of an Experimental Multi-Function Ring Magnet

Power Supply Designed and Constructed by Argonne National Laboratory
86-005 Computer Analysis of a Multi-Function Power Supply Applicable to

LAMPF II Main Ring Requirements
86-006 Transverse Stability in the PSR Revisited, Eugene P. Colton
86-007 Foil Scattering and Transverse Space Charge Effects in the BEB, Eugene

P. Colton and H. A. Thiessen
86-008 PSR Tracking with Sextupoles, H. Butler and Eugene P. Colton
86-009 Viewgraphs from the LAMPF II Impedance Workshop, March 20-21, 1986,

E. P. Colton, Editor.
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The Clinton P. Anderson Meson Physics Facility (LAMPF), the largest of the
"meson factories," and the single largest facility in medium-energy physics, has
had as one of its major goals the bridging of the gap between nuclear and subnu-
clear physics. That the proposed extension of the LAMPF facility described in
this document is once again concerned with the overlap of these two fields is a
natural extension of the scientific and technical activities of the
medium-energy research community. Indeed, in recent years an extraordinary dia-
logue between the two poles of medium-energy physics has taken place in a series
of important workshops in Canada, the United States, and Europe. LAMPF II will
provide this community with the facilities and tools needed to probe the dynam-
ics of nuclear matter with light hadronic probes and to test the limits of the
models developed by the present generation of physicists. Thus, LAMPF II would
be the realization of our intellectual extension of the present-day
medium-energy physics.

The technical challenges which must be met to construct and operate a
high-energy, high-intensity proton accelerator laboratory are dominated by the
difficulties presented in the transport and targeting of high-intensity beams.
The operation of LAMPF II will require the technologies painstakingly developed
over the years at LAMPF and other meson factories. The technical expertise at
LAMPF in materials science, radiation-hardened components, remote handling, beam
transport and shielding are unique national resources. Indeed, these abilities
are well known to define the useful limits of any high-intensity accelerator
laboratory. LAMPF has led the world meson-factory community in each of these
areas.

In addition to the technical and operational experience acquired in oper-
ating a high-intensity laboratory for more than a decade, Los Alamos possesses
unique assets. The LAMPF accelerator surpasses any other facility as the injec-
tor for a new higher energy, high-intensity facility. The existing LAMPF beams
and the new Proton Storage Ring (PSR) can provide unmatched facilities for de-
veloping and proving prototype systems for the LAMPF II accelerator and experi-
mental areas.
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6. EXPERIMENTAL AREA FACILITIES

1. INTRODUCTION

At this time it is possible to describe the scope and general features of
the experimental facilities that should be provided for a broadly based exploi-
tation of the LAMPF II accelerators. The requirements are clear, but specifying
the details of a thoroughly optimized set of facilities would be premature.
General features and major parameters are known and will be presented along with
the directions to take and issues to be resolved in future work.

The physics opportunities described earlier require that the LAMPF II ex-
perimental areas should provide a number of high-intensity, high-quality beams
simultaneously to several experiments. More explicitly, the major requirements
are as follows

• High-intensity beam
• High beam quality, meaning

- High brightness
- High purity
- High resolution for nuclear physics

• High beam availability
• Multiple beam ports for high throughput of experiments
• Access to beams of all energies and species that can be produced at

LAMPF II, including v, K, n, u, p, and polarized protons
• Flexibility to meet the requirements of future physics opportunities

This chapter addresses the facilities to be provided in the slow-extracted
beam area (Area A) and in the fast-extracted beam area (Area N). These areas
are shown in the context of the entire site plan in Fig. l.-l.

During the past year a search for new methods to improve performance and
reduce costs of the experimental beam facilities for LAMPF II was undertaken. A
substantially new concept for the experimental beam layout was developed. This
section emphasizes the new approach, the differences from previous ideas, and
the potential cost savings associated with it.

The basic strategy is to reduce the number of production targets for
charged particles to two, to maintain forward production angles for most beams,
and to retain independently adjustable momenta and optical properties for each
beam.

The two targets will be inserted serially into a single proton beam. This
arrangement ensures maximum proton beam intensity on targets of minimal lengths,
and thus provides maximum luminosity for the secondary beams, minimal absorption
losses in the targets, and, consequently, maximal beam fluxes. Because of the
generally forward-peaked production cross sections, all secondary beams, except
the very low momentum stopped n-u beams, must be arranged near the forward di-
rection of the targets, which will also ensure minimal apparent source size for
the secondary particles.

These three features, i.e., two targets, forward extraction, and independ-
ent momenta, call for multiple independent extraction of typically three beams
near the forward direction. This capability has not generally been achievable
with conventional secondary beam extraction systems. A new kind of extraction
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Fig. l.-l. Site plan for LAMPF II showing the location of experimental areas
labeled Area A and Area N.

system (Ts 85a, Ts 85c) is proposed hers as a significant aspect of the experi-
mental facility.

Using this extraction system, we describe a conservative set of facilities
that meet the aforementioned requirements by using existing proven methods and
technology. The high-intensity facets are based on experience at LAMPF and the
other contemporary meson factories, whereas the secondary beam channel designs
borrow heavily from past and present experience with kaon and p beams at other
accelerators in the 6- to 30-GeV range. Existing LAMPF facilities are reused
whenever feasible. Possibilities for significant enhancements of performance
and/or cost reductions are presented along with an R&D plan for developing '.hem.
It is important to recognize that the experimental facilities described have not
yet been optimized. They are included to show the scope and cost basis for fa-
cilities adequate to exploit the physics opportunities presented by LAMPF II.
The details will change as physics requirements are refined, as ideas for
improvements are studied and developed, and rfher, the tradeoffs and optimization
are completed.
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2. SLOW-EXTRACTED BEAM AREA (A)

The configuration and general features of this area are described in
Sec. 4. Here we focus on the secondary beam lines from a user's point of view.
We describe important design criteria, major design features, and essential per-
formance parameters. Promising ideas for enhanced performance are presented and
assessed. A summary of the main parameters for these beam lines is presented in
Tables 2.-I and -II. A plan-view layout for the slow-extracted beam area is
shown in Fig. 2.-1.

In choosing the finite collection of beam lines for the slow-extracted beam
area, we have been guided by the major requirements discussed in the
Introduction, Sec. 1. We have chosen a set that will provide beams of pions,
kaons, and antiprotons of every momentum up to 35 GeV/c. Electrostatically
separated beams are provided for kaons up to 6 GeV/c. With the successful de-
velopment of rf separators one could have separated beams up to 35 GeV/c. A K.0

beam, a stopped-muon channel, and a thin-target facility are also included.
With a limited number of beam lines it is not possible to provide a beam opti-
mized for and dedicated to every special purpose; some compromises were made so
that all the important requirements would be included. The result, we think, is
a powerful set of facilities that are capable of addressing the broadest range

TABLE 2.-I

BEAM SPECIFICATIONS FOR THE TARGET 1 AREA

Ap/p

Beam

»-1,0.

Test

lint

beam

Ext ract" ton
Angle (de.n)

120
11.1

r>
0

Product Ion
Angle (deg)

120
0-1
0-3
0-f,

n Ad" Resolution
(CeV/c) (msr) (X)

0.02-0.2 10 0.1
0.31-0.P 1 (fl) 0.1

2-h 0.07 (3) 1
-I-'. 3 -I

TABLE 2.-II

Acceptance

ii
i
i

~i

Length
(m)

-20
18
75

-35

Separation

l-stagt dc
2-stage dc
1-stage dc

BEAM SPECIFICATIONS FOR THE TARGET 2 AREA

Ap/p

Benm Ii ne

K1.1
K2.1

Test benm

Ext ractIon
Angle (deg)

1.7
1.7

n
n
0

Product ton
Angle (deg)

0-4
0-3

0
0

P
(KeV/c)

0.f,-1.1
1.0-2.',
1-31
1-3(1

-1-30

AQa

(msr)

2 (1)
1 (1)
0.10
0.01
0.10

Resolution t
(?)

0.01
0.10

1
I

-t

vptance
(t)

3
1
5
]

~3

Length
Cm)

21
31
9(1

-130
-71

Separat Ion

2-stage dc
2-stage dc

None
rf

The angular acceptances listed this column result from all restrictions In the
channel. The ones In parentheses are the largest ones allowed by the extraction
systems only.

These are the parameters of K35 If It Is constructed as a separated beam.
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of physics questions in this energy regime. Flexibility has been retained to
adapt to new developments and opportunities that the future is certain to bring.

2.1 General Principles

Although details of optimized designs are incomplete, it is possible to
deduce many of the important performance parameters on the basis of general
principles and past achievements in beam-line design. Source-brightness charac-
teristics, secondary beam pick-off angles, beam purity, channel acceptance,
energy range, and beam rates are discussed.

2.1.1 Source-Brightness Optimisation. For n, K, and p beams the high-
brightness requirement is met by targeting full-intensity, full-energy proton
beam on the highest density target that will survive while choosing beam-line
pick-off angles in very forward directions. From the discussions o£ targeting
in Sec. 4.3, we conclude that a useful water-cooled, fixed copper targ<--r can be
developed. Higher brightness by a factor of -1.6 can be obtained with a
tungsten target, provided certain technical uncertainties with target cooling
and operational reliability can be mastered. Pick-off angles for the K and p
beams are chosen as close to 0° as possible, consistent with reconsti'cution of
the primary beam and the geometrical constraints of other secondary beams from
the same target. Lower energy muon beams are le.«is sensitive to pick-off angle
considerations and therefore can effectively be located at large angles to the
primary beam.

2.1.2 Beam-Purity Considerations. High beam purity for K * u p beams is a
crucial requirement that has major impact on our ability to use high intensity
effectively. In general, some intensity will be traded off for higher purity.
Our goal here is K/n or p/n ratios better than 1:1. For 3ome energies this
requires rt- and u-rejection factors of 104. Below about 10 GeV/c, dc separators
are effective; above this region we are forced to consider rf separators.

A single-stage electrostatically separated beam is, in practice, limited to
n- and u-rejection faccors of 100-200, principally because of the halo of n's
and u's generated by decays of short-lived particles in the vicinity of the pro-
duction target and scattering from pole tips and colliir.ators. In principle,
these can be eliminated by careful collimation and trimming of the source halo
at an intermediate focus upstream of the separator. A second stage of
separation can accomplish the same goal more effectively in a comparable length
of extra beam transport. In fact, two-stage separated beams for bubble-chamber
work have achieved ii-rejection factors as high as 105 (Eb 60, Bu 66). We choose
two-stage separation whereever rejection factors greater than 200 are required.

Electrostatic separators rapidly lose effectiveness as the secondary beam
momentum p is raised. The maximum separable phase space in the separation phase
plane falls as p~3 for p » M. As the momentum is raised, the maximum separable
phase space becomes much smaller than could otherwise be transported. This
effect sets a practical limit of around 6 GeV/c for K and 10 GeV/c for p beams,
although in principle very small phase-space (therefore low-intensity) beams of
higher energy can be separated.

Conventional rf separation techniques do not suffer from the same rapidly
falling momentum dependence because the crucial transverse deflections of the
two species are in opposite directions rather than in the same direction, as is
thi case with electrostatic separators. Thus they are capable of providing n-K
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separation at all the higher energies available at LAMPF II. They do, however,
suffer from two limitations:

(1) limited acceptance, because of the small beam apertures allowed in
high-frequency cavities; and

(2) short duty factor, because of the very high power (10- to 20-MW) rf
source required to achieve high fields in room-temperature cavities.

The geometrical limit on acceptance is tolerable, even though it is consid-
erably less than can otherwise be transported by a beam channel optimized for
transmission. A reduction in acceptance by an order of magnitude is typical.
Acceptance is more likely to be limited by the maximum deflection possible in
the cavity.

More serious for LAMPF II is the duty-factor limitation, which falls short
of the needed cw operation by two or three orders of magnitude (for room-
temperature cavities). The development of reliable, high-field, superconducting
microwave cavities would change the picture dramatically. The rf power- source
requirements would become quite manageable because beam loading would be negli-
gible. Further study and development of superconducting rf separators is highly
desirable for LAMPF II. We assume that the necessary R&D will be undertaken and
therefore include this option in our proposed highest energy secondary beam
line, K35.

2.1.3 Beam-Line Acceptance and Length. To estimate secondary beam rates,
we must know the channel acceptance ana channel length. These beam parameters
may be estimated from general principles as follows.

In separated beams the acceptance in the plane of separation (vertical) is
usually limited by the separator deflection. In the dispersion plane
(horizontal) the acceptance is more complicated, but is often limited by the mo-
mentum resolution required by the physics and the volume of high-quality magnet-
ic field one is willing to provide. For rf separation both planes are likely to
be limited by the separator geometrical acceptance, with the deflection plane
having about one-third the acceptance of the nondeflection plane (Be 63). These
principles were used to set the solid-angle acceptance of the beams shown in
Tables 2.-I and -II. They are consistent with the numbers for existing beams at
BNL and KEK (Ya 81, Bu 78).

Channel length is influenced by many considerations, and a rough layout is
needed for making reasonable estimates. It is convenient for our analysis to
separate a channel into three sections:

(1) a front-end or input sec'.ion, which collects the secondary particles
from the target, sets the solid angle and momentum bite, and bends this
secondary beam away from the primary beam while matching it to the next
section,

(2) a separator section, which purifies the beam; and

(3) an output section, which transports the beam and matches it to the
users' requirements.

The length of all but the separator section typically scales with p 1 / 2 for fixed
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momentum resolution and fixed aperture magnets. Note that this implies a solid
angle that goes as p"1 .

The length of the separation section scales differently. For electrostatic
separation the maximum separable phase space era (deflection-limited case) is
given by

m A R eVL cos(S) s ~ — eVL ,

where

, ... 1 |f| eVL2

and

(W2 -
M2 - Mi

when p2 » M2

V is the separator voltage; L its length; a the separator half-aperture; R the
separation factor (>l)j Wlf the total energy of the i

t n particle; p the channel
momentum; and e, the charge of the electron. Given the strong dependence of em

on momentum, it is desirable to have the separator length increase with p to
keep the acceptance from decreasing as rapidly as it otherwise would.

The formula discussed above also demonstrates one reason why we have chosen
a factor of approximately 2 in the useful momentum range of dc-separated
channels. The magnetic-field optics most readily handles a fixed acceptance,
which in this case would be set by the separator operating at the highest momen-
tum. At the lower momenta the separator could handle much more phase space, but
the rest of the channel could not. To avoid a large mismatch between separator
sections and the rest of the channel, the momentum range is restricted.

There is another reason to restrict the momentum range of the channel.
Because kaons have a short lifetime, the channel length should be kept to a min-
imum to avoid excessive decay losses. Channel length increases with the maximum
momentum. For separated beams this is a stronger function than for unseparated
beams. Thus, decay losses are optimized at the maximum momentum and become in-
creasingly less optimal at lower momenta. Once again, to avoid a large depar-
ture from optimal conditions, the momentum range is restricted.

For rf separation, the distance L between cavities sets the channel length
and is given by

L =
Xp2

M| - M2.
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where po is the design momentum for a phase slip of n between the two particle
species and X is the wavelength of the rf field. To keep the losses from decay
constant, lengths should not increase more rapidly than p; therefore, X should
decrease as p"1. For our high-energy beam line K35, we choose p0 = 20 GeV/c and
choose the rf frequency in the C band (X = 6 cm). For K-n separation these
choices imply L = 100 m.

2.1.4 Production Cross Sections. To estimate particle-production cross
sections at 45 GeV, we have fitted a collection of data from 10 to 200 GeV with
a slightly modified version of a model put forward by Hojvat and Van Ginneken
(Ho 83) and used by them for estimating p production. In this model the invari-
ant cross section for inclusive production from a nucleus is given by a product
of three factors:

d3

9abs

a - F • F • FT s aps nuc

where

(1) Fs = K(l - X R)
r a (1 + p2

t/g
2r4 is the cross section, valid in the

scaling region, for inclusive production by p-p collisions;

(2) Fap5 = 1 + B Sc exp(A • XR)/(1.001 - XR) is an empirical "approach to
scaling factor" that accounts for deviation from scaling at lower
energies; and

(3) Fnuc = a(l + bp
2
t) exp(cXR + dXR) is an empirical factor that accounts

for modifications caused by nuclear matter.

The kinematic variables used are pt, the transverse momentum (an invariant) of
the secondary particle; Xr = E*/E raax, the radial scaling variable introduced by
Taylor (Ta 76); and S, the invariant total energy of the p-p system consisting
of the incoming proton and one proton (or neutron) of the target nucleus. E* is
the total energy of the secondary particle in the p-p center of momentum (cm.)
and E m s x is the maximum cm. energy of the secondary particle consistent: with
the conservation laws in p-p or p-n collisions.

The virtue of using radial scaling rather than Feynman scaling is that the
scaling region is reached for lower values of S and is always anptoached from
above. Taylor has shown that radial scaling is reached by Ts * 10 GeV for all
pt and XR) and sooner for small values of pt and XR.

Hojvat and Van Ginneken used similar expressions for Fs and Faps, but with
fewer adjustable parameters. They did not do a global fit, but instead used
projections onto planes of pt = 0 and Xp = 0.

The parameters in Fs are taken from fits to p-p data in the scaling region
made by Taylor et al. (Ta 76, Jo 78). We have obtained estimates for the param-
eters A, B, and C in F a p s by least-square fits to p-p production data from 10 to
200 GeV. With the parameters of Fs and F a p s fixed by the program described
above, we then fit the product formula to available production data from nuclei,
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varying only the parameters of F . For p production we have used the
of Hojvat and Van Ginneken directly.

results

Reasonable fits were obtained to a large collection of data that, unfor-
tunately,- includes no data between 26 and 67 GeV for production from nuclei. A
sample result is shown in Fig. 2.1.4-1, where we compare the formula to some
data for K" production from beryllium for pt s 0. We use the formula as a con-
venient means of summarizing available data and as a means of interpolating and
extrapolating where there are no data. We judge that the formula is good to a
factor of 2 for most of the region of interest at 45 GeV. It is less reliable
for values of XR > 0.8 and for very low energy secondary particles (in the lab
system). Some enhancement of low-energy (lab-system) production is indicated in
the few data points available. Some of our very low energy yields may be
underestimated by a factor of 5.

K" NVARIANT CROSS-SECTION
n-l.
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Fig. 2.1.4-1. K invariant cress sections for production from beryllium for
Pj ~ 0. S- and pt-dependent factors of the model were removed by multiplying
both the model and the data by the factors shown in the ordinate label. Data
are shown for 9 < 3.6 mr and pt < 0.63 GeV/c. Most of the data are from 9 * 0 °
measurements. The solid curve represents the model.
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Symmetry about 90° in the p-p center-of-momentum system is built into the
formulas, and although it is required in the elementary p-p interactions it is
not required in p-nucleus interactions.

2.2 Charged Secondary Beam Area

The slow-extracted beam from the main-ring accelerator is transported to a
reconfigured Area A via a beam tunnel that joins the present linac switchyard on
the north side. An estimated 80% of the existing experimental area shielding
can be reused in our proposed configuration. Extensions of the building space
and crane coverage are also planned. A schematic plan-view layout of Area A and
its beam lines was shown in Fig. 2.-1.

The proposed design of targets 1 and 2 is a rotating, radiation-cooled
tungsten wheel. Target 1 will be 5 cm in length (one-half interaction length)
in the beam direction. The absence of cooling ducts assures minimal absorption
of secondary particles and optimal conditions for surface muon extraction. The
length of target 2 in the beam direction is typically 10 cm (one interaction
length) and the wheel may have a cylindrical shape, as there are no backward
beams to be served.

The secondary beams are those of the first LAMPF II proposal (La 85),
except for the extraction angles and some slight adjustments in the angular
acceptances and momentum ranges. Their basic properties are listed in Tables
2.-I and -II. The angular acceptances listed in parentheses are the largest
ones allowed by the extraction systems. The reduced values generally result
from the reduction in vertical acceptance enforced by the limited phase-space
acceptance of electrostatic particle separators.

A detailed layout of secondary beam extractions is shown in Fig. 2.2-l(a)
for target 1 and in -l(b) for target 2.

2.2.1 Thin-Target Facility. The present thin-target facility at LAMPF is
served" by a thin target (<10~" radiation length) located in the switchyard
upstream of Area A. This facility will be preserved at LAMPF II for use with
the 45-GeV slow-extracted beam. It will be possible to use thicker targets
since multiple scattering of the 45-GeV primary beam will not be a problem for
downstream users.

2.2.2 Stopped rt-y Beams (u0.2). The two beams at ±120° for stopped it's
and y's could be conventional achromatic channels with four vertical bending
magnets similar to the existing LEP beam at LAMPF but possibly using quadrupoles
instead of bending-magnet edge focusing. They can also be implemented as either
decay-in-flight or surface and cloud-muon beams. Design studies of a decay-in-
flight beam have been made incorporating the concepts developed for a pulsed-
muon beam at PSR (He 83, Sa 82). Central features of this design include a
superconducting solenoid for the decay section and two output ports. Channel
parameters and u~ beam rates are given in Table 2.2.2-1.

2.2.3 Hypernuclear and Stopped K* Beams (K0.8). These two very low momen-
tum K beams are extracted at ±200 mr (11.5°) through a system of magnets

See Sec. 4.4 and Tschalar (Ts 85b) for an explanation of this concept.
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7

Fe Shield

(a)

Concrete Shield

(b)

Fig. 2 .2 -1 . Extraction from (a) target 1 and (b) target 2: Q = quadrupole,
HQ = half-quadrupole, Q8 = narrow quadrupole, BH = H-type bending magnet,
BWF = window frame-type bending magnet, 6P = sextupole.
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TABLE 2.2.2-1

STOPPED-MUON CHANNEL PARAMETERS AND RATES

Target = 5-cm tungsten

5-i<i-long solenoid decay section

&Qn = 42 msr

I = 34 uA

n~ rate into solenoid = 2.0 x 1010 s"1 at 200 MeV/c

u~ rate at output = 6.0 x 10° s"1 at 112 MeV/c

designed for multiple achromatic extraction of independent momenta beams
(MAXIM).* For these beams the MAXIM system has 100 mr-GeV/c bending strength and
provides a central momentum (0° extraction) of 0.5 GeV/c. Production angles
vary from 0° to 5° for momenta between 0.35 and 0.8 GeV/c. Half-quadrupoles are
proposed as the first focusing elements for both beams to provide maximal
acceptance at a given extraction angle. Half-quadrupoles of the pole geometry
assumed for this proposal (pole radius 20 cm) have recently been purchased at
SIN and show excellent characteristics in beam optical measurements (Ge 85).
Layout and optical design of the complete beams are still pending.

These low-energy channels are intended to meet the needs of high-resolution
hypernuclear physics spectxoscopy as well as to provide high rates of stopping
kaons for a. wide variety of studies, including K-mesic atoms and rare decays.
The useful momentum range is optimal for these purposes. Two stages of
separation are needed to bring the n/K ratio below 1. A pion-rejection factor
of 104 should be possible. A momentum resolution of about 0.1% can be achieved
by momentum analysis accomplished with the aid of data from multiwire chambers
before and after the last bending magnet. The chambers in these locations are
downstream of the separator.1: and will therefore be exposed to beam rates that
are manageable.

At this incomplete stage of design, K0.8 is envisioned as a three-bend
channel with an achromatic output focus. An electrostatic separator and a mass
slit are located after each of the first two bends. Overall length is about
18 m to the output focus.

A spectrometer for analysis of reaction products completes the hypernuclear
facility. The existing EPICS spectrometer has about »-he correct momentum range
and resolution to serve this purpose; however, it has the disadvantage of a
rather long flight path (about 8 m) from target to detector plane. Stopped-kaon
experiments would run with the spectrometer moved out of the way.

2.2.4 General-Purpose K,p Beam (K6). This intermediate-energy beam is
extracted at 0° through a MAXIM system with production angles between 0° and 3°
(50 mr) for momenta between 2 and 6 GeV/c and particles of either sign. The
proton beam is separated from the secondary beam by a slight upward bend of
about 12 mr before target 1, producing a vertical separation of about 12 cm at
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the first bending magnet after the extraction triplet and allowing the proton
beam to pass undeflected through a v-shaped groove in the upper yoke of the
bending magnet (Lambertson septum). This is by far the simplest, safest, and
geometrically shortest system of separation, justifying the inconvenience of
vertical proton beam steering.

The rest of the beam is not yet designed. In particular, the problem of
particle separation at these relatively high momenta will require careful study
and possibly new techniques (rf separation). As a general-purpose beam line, a
momentum resolution of about IX appears adequate. One stage of electrostatic
separation is incorporated. It will provide adequate separation for kaons up to
6 GeV/c.

This channel will operate at the limit of what is practical with electro-
static separators. We assume that we can use dc separators at 1 MV, as has been
achieved at KEK (Is 80). Even with these voltages it will require 20 m of sepa-
rator length. With careful collimation and trimming of halo from the vertical
source image at an intermediate focus ahead of the separator, we judge that a
pion-rejection factor of 500 can be obtained.

One improvement that might increase the rates at lower momenta is to pro-
vide a front end with larger acceptance than that limited by the separator at
its highest operating momentum. This would be followed by a tunable matching
section that would serve to properly fill the separator with more phase area,
and hence more beam, at lower momenta. This would have to be balanced against
the decay losses from the extra length of the matching section. More study of
this option is needed before a definite conclusion can be reached.

It should be noted that a cw rf separator might also work here. As was
pointed out earlier, high-duty-factor rf separators require considerable devel-
opment. Because electrostatic separators with the needed characteristics have
been operated at existing machines, they are the more conservative choice. How-
ever, future development in rf separator technology might make rf separators
more attractive. In that case, the channel could be modified to use the new
technology. It would not be necessary to modify the front-end elements in the
target cell.

The optics of this beam could also be based on a three-bend design with an
achromatic output focus. An intermediate dispersed focus after the first bend
would be used to set the momentum bite and trim the halo on the vertical image
of the source- The separator section would be located after the second bend and
the mass slit located before the final bend, so that background particles from
the slit would be less likely to reach the final focus. Another desirable
feature would be two output legs, each with an achromatic focus. This might be
accomplished with optics similar to that used in the P3 channel at LAMPF I, but
modified to accommodate a long separator. In this scheme the two output
sections could not, of course, have beam in them simultaneously; rather, the
beam would be switched between them by the last bending magnet. In the long-
duration experiments likely at such a channel, it is not efficient to use beam
in one continuous run. One needs down time for analysis and/or modification of
the equipment. The channel will be more efficiently utilized if two such
experiments can be interlaced, as could be the case with the proposed two output
ports.



6. EXPERIMENTAL AREA FACILITIES 6.-15 April 1986

2.2.5 EPICS II Beam (K1.5). Nuclear physics studies with pions and kaons
would not be complete without high-resolution beams of momentum higher than that
provided by the K0.8 facility. A momentum resolution of 0.05X is the goal for
K1.5 and its spectrometer (EPICS II). This would provide a kaon energy
resolution of 285 keV at 0.7 GeV/c and 555 keV at 1.2 GeV/c.

K1.5 is extracted at 100 mr (5.7°) through a MAXIM system of 100 mr-GeV/c
bending strength. The corresponding production angles are 3.8° for 0.6 GeV/c,
0° for 1 GeV/c, and 1.9° for 1.5 GeV/c. Half-quadrupoles are again proposed as
the first focusing elements to provide a maximal acceptance of 5 msr. Two
stages of separation are needed for adequate beam purity. Channel length from
production target to scattering target is about 25 m. The beam crosses the K6
beam near the outer wall of the proton channel shielding. This intersection
must be taken into account when designing the detailed beam optics.

The current plan is that this channel should operate as an energy-loss
spectrometer with a vertically dispersed beam on the scattering target. This
design has two advantages:

(1) Because resolution is not set by the channel momentum bite, a sizable
bite can be used, resulting in higher beam rates.

(2) The dispersion plane and scattering plane are orthogonal, thereby
decoupling momentum analysis from measurement of scattering angle.

2.2.6 General-Purpose K,p Beam (K2.5). In the range of momenta from 1 to
2.5 GeV/c we anticipate the need tor a more general-purpose channel that can
meet the needs of programs studying hadron-nucleon interactions and
hadron-nucleus interactions where resolution of individual nuclear bound-state
levels is not needed. We judge that a momentum resolution of about 0.5X will be
adequate for these purposes. High purity implies two stages of separation,
which in this case would be accomplished with electrostatic separators. A
pion-rejection factor of 104 is expected for two stages of separation. When
this channel is used at its best resolution of 0.5%, beam rates will be down by
a factor of 10 because of the required reduction in momentum bite. The
extraction geometry is essentially the same as that of K1.5. The production
angles are 0° for 1 GeV/c and 3.4° for 2.5 GeV/c. Half-quadrupole focusing
yields about 5-msr acceptance.

For this beam, also, we imagine the optics to be based on a three-bend
channel with an achromatic output focus and separator sections after each of the
first two bends. The medium-resolution spectrometer being proposed for use in
the EPB at LAMPF I is well matched to the spectrometer requirements of K2.5, and
we propose to reuse it for this purpose at LAMPF II. Some extension of the
present Area A to the south and east is needed to house this spectrometer.

Hypernuclear studies (via the processes (K~,n~), (K~,K+) and (n+,K+)) in
the region of maximum hyperon production are well matched to this spectrometer
and beam. Improved momentum resolution (-0.1X) of the channel, as suggested for
K0.8, would be beneficial for this class of experiments.

2.2.7 High-Momentum Beam (K35). This beam provides K*, n*, and p of the
higheit momenta available at LAMPF II. It is extracted at 0° through a double
MAXIM system where the second pair of MAXIM magnets acts only on the proton beam
and K35 but not on the lateral beams. The production angle is, therefore, also
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0°. Separation of the secondary beam from the proton beam is achieved by
injecting the proton beam onto the target at downward angles between 6 and
18 mr, depending on the charge sign and momentum of the K35 beam. Separation is
enhanced by a vertical bending magnet between the elements in the second MAXIM
magnet pair. The resultant K35 vertical displacement at the first bending mag-
net after the extraction triplet is sufficient for separation from a proton beam
with an rms divergence of ±3 mr (multiple scattering in the target) by a
Lambertson septum machined into the yoke of the bending magnet- This holds for
K35 momenta up to 35 GeV/c for negatively charged particles and up to 30 GeV/c
for positively charged particles. Separation of higher momenta would require
significantly longer separation distances.

The front-end elements will be designed to accept as much phase space as
possible. Downstream requirements such as those for rf separation may introduce
lower limits, but the front end, especially the components in the target cell,
should not be the limiting apertures. Future developments may change the down-
stream components to improve performance, but we plan that front-end acceptance
should accommodate all foreseeable improvements.

Separation by electrostatic separators is not practical at the momenta
covered by K35. The best hope for improving beam purity is the development of
high-duty-factor rf separators along the lines discussed earlier. Our plan is
to assume that the necessary development will occur and will be successful. Two
output legs (ports) can be provided. In one we could have a large-acceptance
unseparated beam of the highest possible intensity. The other output leg would
be longer and configured to contain the rf separator section which is about
100 m in length. Intensity will be reduced by the extra decay losses and the
acceptance of the rf separator. Pion-rejection by a factor of 103 is assumed,
because it has been achieved elsewhere in rf-separated beams (Fi 75).

2.2.8 Test Beams. Every well-developed experimental area has test beams
of modest cost and performance that can be used by experimenters to test and de-
velop equipment. At target 1, a simple test beam may be extracted to the right
of the first downstream bending magnet and will yield particles with charge of
opposite sign to those of K6. The beam momentum would be coupled to the K6 mo-
mentum by a fixed ratio.

If needed, a test beam whose momentum is a fixed percentage of the K35 mo-
mentum for oppositely charged particles could be extracted cheaply from the
first bending magnet downstream of target 2. The design will depend on user re-
quirements and cost considerations.

2.2.9 Beam Rates. We have gathered together in one place a collection of
curves showing expected beam rates as a function of secondary beam momentum for
the various secondary beam lines. The curves were calculated using production
cross sections estimated from the formula described in Ssc. 2.1.4 and beam-line
parameters given in Tables 2.-I and -II. A tungsten target of one-half interac-
tion length was used for the K0.8 and K6 rates, whereas a target of one interac-
tion length was used for the remaining beam lines.

Figures 2.2.9-1 thru -4 show particle fluxes, corrected for absorption in
the target and decay in flight, at the end of the secondary beams. Targets of 5
and 10 cm of tungsten have ^een assumed for the two production targets. Curves
are presented for n's, R-'s, and p's. Positive pion rates are typically less
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Fig. 2.2.9-1. Negative pion-rates at the end of the secondary beams for 34 uA
of extracted proton beam, including absorption of both primaries and secondaries
in the targets and decay in the secondary beam transport. Targets 1 anc 2 are
assumed to be 5 and 10 cm of tungsten, respectively. The dashed curves are for
the available solid-angle of the channel when separators are used and the solid
curves are for the maximum solid angle without separators.



6. EXPERIMENTAL AREA FACILITIES 6.-18 April 1986

10

10
3

10

10

10

10

T K7s
K 6 max

K 2.5 max

K 3 5 max

K LSmax

K 0.8 max

-K 0.8

PK-

10

10
8

10

icr

10

0.5 2 3 10 20 30 40 GeV/c
itf1

Fig. 2.2.9-2. Negative kaon-rates at the end of the secondary beams for 34 uA
of extracted proton beam, including absorption of both primaries and secondaries
in the targets and decay in the secondary beam transport. Targets 1 and 2 are
assumed to be 5 and 10 cm of tungsten, respectively. The dashed curves are for
the available solid-angle of the channel when separators are used and the solid
curves are for the maximum solid angle without separators.
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Fig. 2.2.9-3. Antiproton-rates at the end of the secondary beams for 34 yA of
extracted proton beam, including absorption of both primaries and secondaries in
the targets and decay in the secondary beam transport. Targets 1 and 2 are
assumed to be 5 and 10 cm of tungsten, respectively. The dashed curves are for
the available solid-angle of the channel when separators are used and the solid
curves are for the maximum solid angle without separators.
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Fig. 2.2.9-4. Positive kaon-rates at the end of the secondary beams for 34 yA
of extracted proton beam, including absorption of both primaries and secondaries
in the targets and decay in the secondary beam transport. Targets 1 and 2 are
assumed to be 5 and 10 cm of tungsten, respectively. The dashed curves are for
the available solid-angle of the channel when separators are used and the solid
curves are for the maximum solid angle without separators.



6. EXPERIMENTAL AREA FACILITIES 6.-21 April 1986

than a factor of two larger than the negative pion rates for secondary momenta
less than 25 GeV/c.

For completeness, a maximum rate is also shown for each channel. This rate
assumes that the full solid angle of acceptance provided by the target
extraction section (MAXIM plus first focusing elements) is transported by the
secondary beam line. Much of the reduction of acceptance stems from the small
vertical phase space required by the separators. The use of short tungsten
targets minimizes this phase space and may allow somewhat higher vertical
acceptances.

Comparison with fluxes quoted previously (Ma 85) shows an increase of a
factor of 2 for all beams except the high energy beam, which gains only about
20X. This increase is caused by utilizing the full available beam intensity on
each target rather than splitting the beam between targets.

2.2.10 Drell-Yan Facilities. A growing awareness of the value of studies
of this quark structure of nuclei using the Drell-Yan process is suggesting a
need for high energy, high intensity particle beams. We can imagine several
possibilities for the site of an appropriate experiment to use proton probes.
(1) The experiment might be placed in one of the long straight sections of the
accelerator and used with an internal gas-jet target. (2) The apparatus might
be located in the transfer tunnel between the accelerator and the experimental
area and used with a thin target. Or, (3) a separate experimental area might be
arranged in an extension of the staging building north of the planned
experimental area. For other probes (kaons and pions), option (3) is the most
reasonable if none of the presently planned beams are adequate. Further
definition of the requirements for such an experiment are needed before the
definitive site can be planned.

2.3 Neutral Beams

All K° beams are extracted from a third target, which is immediately
followed by a beam dump. The target can again be a radiation-cooled tungsten
wheel. The optimum target length for balancing K° production and absorption is
about one interaction length.

The beam dump is essentially a water-cooled absorber made from copper and
steel 1-m thick and about 2 m in diameter. Narrow holes are provided for
extraction of the K° beams. The principal function of the beam dump is to ab-
sorb secondary particles, predominantly ne'itrons and protons, as well as y
radiation from the target. The primary proton beam reaching the beam dump has
less than 10% of the intensity incident on target 1.

2.3.1 Magnetized Shielding. A predominant problem for the design o£ K^
beams Is background from high-energy muons that require up to 28 m of steel to
be stopped by ionization energy loss. To shorten the K° beam and increase its
flux density at the experiment, an old idea was revived and studied. Instead of
ranging-out muons, we propose to deflect them vertically by using horizontally
magnetized steel shielding.

Fluxes were calculated (Ts 85c) for muons that originate from pions emitted
at the target and decay in flight between the target and the dump. The muons
were assumed to be slowed down by constant stopping power in the steel shielding
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while being deflected by a magnetic field of 1.5 T. The formula for the lateral
deflection A in steel shielding of length 8 is

A = AQ • (2/X
2) • [(1-X) In (1-X) + X] ,

where A = 0.15 B fi2/p is the deflection of a muon of constant momentum p in a
field B, X = 4/R, and R is the muon range in steel. The pion decay distance is
taken to be 1 m. Negative muons are deflected downward in a symmetric manner;
their somewhat smaller flux density should be added to that of the positive
muons.

A few comparison calculations of the muon propagation in magnetized steel,
made using the Monte Carlo computer code CASIM (Va 75), showed somewhat wider
muon distributions, mainly because of muon production by high-energy secondar-
ies, which have a wider angular spread than the primary beam. Multiple Coulomb
scattering of the muons in steel was also investigated using results from
Tschala'r (Ts 85b). As the angular width of these distributions down to levels
of 10"5 of the peak value is somewhat smaller than that of the pion-production
spectrum, Coulomb scattering does not widen the muon distributions significant-
ly.

From the results of these calculations, it was apparent that 13 m of mag-
netized steel is sufficient to reduce the flux of muon background from the pro-
duction target to levels considerably below those from K° beam decays over a
region ±1 m above and below the beam axis- The resulting beam length of 15.5 m
is about half that needed with nonmagnetized shielding.

2.3.2 Concept for K|.-Decay Experiment. The proposed KL rare-decay experi-
ments (K^ -» ue and others) were taken as a model for the design of the KD beam.
In these experiments, the K° beam is first collimated and cleared of charged
particles, including the remaining primary beam, by passing it through a section
of about 5 m of the magnetized shielding. A second section of about 8 m
provides a field-free decay region for the KL where the charged decay products
are allowed to propagate to the detecting system downstream of the magnetized
shield.

A conceptual design of the betm dump and magnetized shield to accommodate
such decay experiments is shown in Figs. 2.3.2-1 and -2. While the dump is only
sketched in to show its physical dimensions, more thought was given to the mag-
netized shield. A primary concern was to keep the cost low, which in turn
suggested the use of cheap steel plates (USS specification C-1030) to make up
the bulk of the 2000 tons of the shield. The optimal structure for the
shielding is a stack of vertical plates perpendicular to the beam axis. The
thickness of the plates may be freely optimized for minimal cost without
impairing the shield geometry.

To reduce coil costs and improve accessibility, the coil ends do not cover
the faces of the shielding but are fanned sideways to leave the 2 x 2 m core
faces entirely uncovered. At the entrance face, the space between the coils can
be filled with cooled shielding to reduce the radiation to a level that does not
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Fig. 2.3.2-1. Horizontal and vertical sections through the beam dump
netized shielding for the K° beam.
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require radiation-hardened coils. At the exit face, the K° decay products can
exit unhindered over a 2-m-vide region.

The clearing field in the collimating section of the shield could be
generated by a special narrow clearing magnet inserted into an otherwise
field-free hole in the shield. Its coil would, however, have to be radiation-
hardened because it faces the center of the beam dump. Because the typical
K°-decay experiment requires a horizontal acceptance of only about ±2,5 mr, or
±6 mm at the entrance and ±18 mm at the exit of the clearing section, a special
clearing magnet can be avoided by opening a vertical gap over the entire core of
the clearing section of the shield. The wedge shaped gap, with a width of 12 mm
at the entrance and 36 mm at the exit, would be filled with nonmagnetic material
(for example, stainless steel), except for a channel of ±10-mr vertical opening
angle for the K° beam.

The decay section of the shielding must provide a field-free, relatively
wide vacuum region to accommodate lateral K°-decay products. The simplest way
to achieve this is to remove a horizontal wedge of magnetic material extending
across the entire decay section of the shield including the lateral yokes. The
only magnetic field left in this horizontal gap is the one produced directly by
the coils (-50 G). The corresponding bending angle for charged decay products
(>4 GeV/c) over the entire decay section of 8 m length would be a maximum of
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cross section view of the magnetized shielding from the

3 mr. If necessary, this remaining field can be suppressed by a special coil of
about 8-kA turns inserted into the gap of the decay section. The gap itself
could be contained in a flat self-supporting box of machined steel between the
two stacks of core plates. The box could then be filled with removable inserts
such as those in the vacuum chamber for the decay region and the surrounding
nonmagnetic neutron shielding, as suited to a given experiment. The particular
geometry shown in Figs. 2.3.2-1 and -2 was chosen for the K L "* ue decay experi-
ment, which requires an extremely wide decay section (two-body decay). The
pyramid-shaped vacuum chamber has a vertical opening angle of ±16 mr and a
horizontal one of ±100 mr to accommodate u-e pairs from the decay of K° with mo-
menta as lew as about 4 GeV/c.

2.3.3 Rateso. Figure 2.3.3-1 shows the flux density of K^ at the target,
rate at 16 m from the target assuming 34 uA initial proton

8 b extraction, and 0.1-msr
and the resulting ^ g
beam intensity reduced to 8 uA by targets 1 and 2, 0
acceptance, and including absorption in the target and decay in flight.
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Fig. 2.3.3-1. Neutral kaon (K^) flux densities at the target and K^ rates at
the exit of a 16-m-long K° beam at 0° with 0.1-msr acceptance including absorp-
tion in the target and decay in flight. The top curve is the flux density at
the target in units of particles per 34uA of protons extracted from the
accelerator (8uA incident on the production target) per msr of solid angle, per
GeV/c of momentum interval and for a production target of one interaction length
of tungsten. The lower curve is the rate at the exit of the beam channel in
particles per second per GeV/c of momentum interval.
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Fast-extracted beam from the booster (initially) and from the main ring
(eventually) is transported below grade to an underground target station at the
beginning of Area N, as shown in the layout of Fig. l.-l. A thick (~400-mm)
graphite or possibly beryllium target, located mostly inside a focusing horn, is
nearly optimal for producing an intense \> beam. Access and remote servicing is
through high-density removable shielding over the target cell as described in
Sec. A.2.

3.1 Experimental Requirements

A neutrino facility of the kind we visualize for LAMPF II consists of three
major components: a target cell and focusing system, the decay region and
shield, and the experimental enclosure. The layout for the neutrino area based
on the in-flight decay of secondaries from a production target, is shown in
Fig. 3.1-1. The iron shield at the end of the decay tunnel serves to stop all
particles (muons, neutrons, protons, etc.) except neutrinos. The neutrino flux
is typically increased 15-fold by using a focusing device (normally a magnetic
horn) to focus charged particles from the production target. The desired
charged secondary particles (pions) are focused parallel to the decay tunnel,
thus enhancing the probability of their flight path being long enough to allow a
decay. From kinematics, the resulting neutrinos tend to be forward peaked.
This effect is more pronounced as the energy is increased.

Experimental Area N

-Magnetic Muon Spectrometer

.-Experiment Detector

Beam Axis

-Detector Hall

0 10 20 30 40 50

Meters

Fig. 3.1-1. Experimental Area N layout showing the 6-GeV, in-flight, pion-decay
neutrino facility. The decay tunnel length is 40 m, the muon and neutron
shielding is 15 m, and the detector center is at 60 m from the production
target.
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3.1.1 The Decay Region and Shield. Neutrinos are produced most copiously
at an accelerator through the decay of pions, muons, and kaons. The principal
decay mode of the pion is n -> u + vu, and in any practical detector the
neutrinos are detected near the forward direction. In this case, the neutrino
energy is given by

At 0 V = 0 and Pn = 2 GeV/c, the v energy is roughly E v = 800 MeV. The
neutrino spectrum reflects the pion spectrum passed by the focusing system, but
somewhat broadened by this angular effect and weighted by the decay probability
of the pions as a function of momentum. The optimum decay length is about 40 m,
although this optimum is very broad. The shield length must be sufficient to
range out the most energetic muons from pions produced at the target in the
forward direction, about 10 m of iron for a 6-GeV proton beam.

3.1.2 Absolute Normalization and vp Contamination. With the above dimen-
sions the approximate v contamination is given by

K^lz^-Ud/2) = 3 x ID"3

This contamination can be slightly reduced by decreasing the decay length (d) at
the expense of v flux. With nominal geometry, the resulting \>u spectrum will
peak at a neutrino energy of 800 MeV, allowing the use of quasi-elastic scatter-
ing for normalization and spectral measurement. The cross section for the reac-
tion Vy + n -» u" + p is -0.5 x 10"38 cm2 at the peak energy, and an acceptance
of 0.25 could be attained by a selection based on the outgoing muon angle. If
we assume a proton current of 142 uA, then the v flux at the detector center
(60 m from the target) is 4.5 x 10 u/m 2-s. If we further assume a detector with
a 100-ton fiducial volume with equal numbers of protons and neutrons, the rate
of quasi-elastic events detected is approximately 2.5/s. We assume that an ex-
periment is the equivalent of 100 days of full beam running, which amounts to a
total of 2 x 107 quasi-elastic events.

3.1.3 Vpe Elastic Scattering. We have taken the reaction v^e -> N^e as our
prototype reaction for tKe experimental area with the assumption that when
LAMPF II is operational there will be a continuing need to measure this reaction
(and others) with sufficient precision to test the Standard Model or its deriva-
tives with rigor. This experiment is conceptually simple and of fundamental
significance in current physics, providing sufficient precision can be achieved.
The cross section for Vye scattering is 1.6 x 10~4j Ev. If we assume an
experimental acceptance of 0.5, then our 100-day-equivalent experiment yields
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104 events. The yield of v events would be 4000 in a similar period, leading to
a 2% statistical error in the ratio of cross sections.

A serious limitation on the accuracy of the experiment arises in the nor-
malization process. The cross section for quasi-elastic scattering is well
known on free nucleons, but the nuclear effects may be large for typical detec-
tor materials (carbon, aluminum, etc.). The use of deuterium may be required to
improve the systematic uncertainty and the event rate indicated above would not
easily be maintained. Of course, 107 events in 100 tons will allow for attri-
tion from detection constraints.

3.1.4 M|! •» vp Oscillations. The v beam produced by pion and muon decays
has a contamination of \>e of about 3 x 10

 3, as we estimated previously. The ve
arise principally from the n-u-e decay chain and from the Ke3 decay mode. The
spectra are calculable to good precision, provided that the geometry of the beam
is well defined and the v^ spectrum is well measured.

The probability that a \>e will be observed in a Mp beam via oscillation is

P = sin2 (2a) sin2 | 1.27 — 2

Sin2 (2a) is the mining-angle factor, &1.12 is the difference of the \> and \>
masses in eV2, 9 is the distance from the source in kilometers and E v is the
neutrino energy in GeV. Then for values of the argument

1.27 *ZL « « H:
Ev 2

the amplitude for Vy -> \>e goes as i
2 . To optimize the sensitivity for observing

oscillations for small Am2 , the detector should be far enough away that the
background from naturally occurring \>e in the beam will be at a low level. To
verify that the background is as expected, we chose to detect 100 events in our
canonical experiment. In a 100-ton detector the number of ve events in 100 days
at distance d is 3OO/d2 (distance in kilometers) from both kaon decay and the
n-u-e chain. We can solve for d, giving d = 1.7 km.

There has been an indication that there may be an oscillation effect with
sin2(2a) = 0.2 and Am2 = 0.2 (Ko 84). Then the oscillation rate at 1.7 km is
0-05, which gives 800 events for the transition in the 100-day run. The posi-
tion for which the oscillation transition reaches the maximum is when the argu-
ment
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then 8 => 4 km, the background rate would be 20 events, and the oscillation sig-
nal, 600 events. The experimental area we have outlined here produces a maximum
flux at the close detector position for 6-GeV protons with a relatively small v e

contamination.

3.2 The Beam Characteristics

The code for simulating the neutrino beam characteristics is a Los Alamos
version of the CERN simulation code NUBEAM for a high-energy neutrino beam-line.
The Los Alamos version has been extensively modified and now runs on the VAX.
It has been validated by comparison with 30-GeV neutrino spectra from BNL Exper-
iment 734. NUBEAM is also capable of calculating the fluxes, energy distribu-
tions, and radial divergences for all species of neutrinos at any desired
incident proton energy. It produces accurate distributions to be used by the
experimenter in designing and optimizing an experiment. Estimates are that with
a positive-focus horn system, an average Vy energy of ~0.8 GeV would be obtained
and muon-neutrino flux increases of as much as 15 times those obtained from a
bare target would be possible. A Monte Carlo study of the neutrino flux using
the pion horn-focusing system has been completed and the results are given in
Table 3.2-1. Figure 3.2-1 shows the calculated wide- and narrow-band \>y spectra
from the two-horn system.

TABLE 3.2-1

v RATES FROM A MONTE CARLO CALCULATION8

n Focus ii Focus

Neutrinos:
Muon
Electron
Antimuon
Antielectron

4.
2.
3.
2.

5
7
4
1

Flux

(±0
(±0
(±0
(±0

v/m

•3)

.1)
• 6)

• 7 )

2-s

x 1011

x 109

x 109

x 107

Ratio to
Bare Target

-15
-15

6
1
3
1

.3

.8

.1

.5

Flux

(±1
(±0
(±0
(±0

v/m2

.0) x

.4) x

.7) x

.4) x

-s

109

108

1011

109

Ratio to
Bare Target

-15
-15

formalized to 140 uA of 6-GeV protons on target, this table gives the
neutrino flux averaged over a detector with a radius of 2.0 m located 60 m from
the production target. The decay tunnel has a radius of 2.0 m and a length of
40 m. The horn current was ±250 kA. Angular distributions of Jl+, n~, K+, and
K are from Sandford-Wang fits for 10-GeV/c incident protons on a beryllium
target. Scaling to 7 GeV/c was accomplished by holding Pi constant.
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Fig. 3.2-1. The ML spectrum for positive horn focusing. A possible narrow-band
spectrum is also shown. The \>u flux was averaged over a detector radius of 2 m
located 60 m from the production target. The incident proton beam was 140 uA of
6-GeV protons on a 0.4-m carbon target. The horn focus was positive (n+) and a
current of 250 kA was used.

3.3 The Pion-Focusing Horns

A two-horn system was chosen to obtain the best magnetic focusing of pions.
The first horn removes the depth-of-field problem associated with a long target
(0.4 m). For pion trajectories that do not cross over between the horns, the
first horn creates a virtual image of the upstream target that is shorter than
the real target. For pion trajectories that cross over, a real but shorter
image of the target is created between the horns at the focal point of the
second horn.

The second horn is then a point-to-parallel system. Narrow-band (roughly
monochromatic) neutrino spectra are obtained by placing plugs and collimators
between the two horns such that a single pion momentum if selectad.
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4. CONFIGURATION AND GENERAL FEATURES OF THE EXPERIMENTAL AREAS

4.1 Layout

Tvo separate extracted-beam areas are envisioned, as shown in the layout of
Fig. l.-l. In addition, space is left in each accelerator tunnel for an inter-
nal gas-jet target and associated experimental equipment. Fast-extracted beams
from either accelerator can be transported to a target located below grade in
Area N to serve the needs of v experiments. Initially, Area N would be config-
ured only for 6-GeV protons.

The layout of the Area A experimental facilities was shown in Fig. 2.-1.
The new facilities will be placed into the original Area A of LAMPF I, which
will have to be emptied and somewhat extended. Two targets for eight charged-
particle beams and a third one for neutral beams are all arranged in series in a
single proton channel. The secondary beams, except for the extraction sections,
are those of the first LAMPF II proposal (La 85) with a second stopped n-u beam
and a second low-energy K beam added. The first target of typically one-half
interaction length of tungsten supplies two conventional stopped rc-u beams at
±120°, two very low energy K beams at ±200 mr, and an intermediate-energy K be?m
at 0°. The second target of typically one interaction length of tungsten sup-
plies two low-energy K,p beams at ±100 mr and a high-energy Jl,K,p beam at 0°.
The third target of about one interaction length is reserved for one or more KL
beams in or near the forward direction.

This selection of eight charged and one or more neutral beams pruvides a
generous complement of experimental facilities and corresponds closely to the
protoproposal put forward by the experimental community.

4.2 Shielding and Remote-Handling Considerations

Shielding requirements have a major impact on the experimental-area de^^n.
It is a major cost item and is closely coupled to maintenance and remote-
handling design considerations. The amount of shielding in the vicinity of a
thick target, a beam dump, or an area of significant beam loss is set by a maxi-
mum permissible dose to inhabitants or the background requirements of experi-
ments, whichever is lower. Shielding estimates were made assuming a maximum
permissible dose rate of 0.04 mSv/h for occupied areas. All shielding for
45-GeV facilities was designed for the full 34 uA of beam that will be available
from the accelerator.

The shielding thickness transverse to a thick target is primarily deter-
mined by the need to attenuate hadrons. Longitudinal shielding requirements are
greater and are essentially determined by the requirement to attenuate high-
energy muons, and will therefore depend to some extent upon tha decay path
length available for production of muons. Preliminary estimates are about
21 hadron attenuation lengths for transverse shielding and 18 000 g/cm2 or more
for longitudinal shielding against muons (Le 84). The transverse requirements
are about the same as those presently in use at LAMPF I. Translated into iron
shielding, these requirements are 3.7 m, transverse, and ovtr 23 m, longitudi-
nal. From the large amount of forward shielding required, it clearly ip desira-
ble to minimize the number of beam stops to shield. Such considerations played
a significant role in choosing a configuration of two thick targets in series
rather than the more flexible choice of several primary beam lines, each feeding
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only one thick target. It was also a consideration in designing for three
forward, secondary beams per target.

A considerable portion of the strongly forward-peaked secondary-particle
flux from the target will pass through the beam-limiting collimators and be de-
posited along the proton beam line. Therefore, we propose encasing the entire
proton beam from target 1 to the dump in a removable steel shielding with a
2 m by 2 m cross section wherever gaps are left between the beam magnets and the
target cell shielding. This local shielding would efficiently reduce radiation
levels at the source and save bulk shielding. A service channel, accessible to
personnel shortly after switching off the piston beam, could be provided on both
sides of this shield for inspections and quick hands-on maintenance.

Consequently, the bulk of the proton-channel shielding may be built up
entirely of the cheapest available concrete blocks to minimize costs. Figure
4.2-1 shows a vertical cross section through the proton channel between targets.
A contour for alternative steel shielding is indicated, which shows that the
tonnage of steel required would be similar to that of concrete for the proposed
shielding concept.

The secondary beams require specially shaped steel shielding (canon fill)
with a cross section of about 2 m by 2 m to fit into the bulk shield and reduce
radiation leakage. These canon fills will be about twice as long for a concrete
bulk shield as for a thin steel bulk shield, but will not compensate for the
savings offered by the concrete version. In contrast to existing meson
factories such as LAMPF, secondary beam lengths do not require thin, heavy
shielding, as is evident from the layout in Fig. 2-1.

Contour of
Alternative
Steel Shielding

Steel
Shielding

Concrete ->
Beams ' r Concrete

Blocks

Steel
Shielding

Proton
Beam

V Secondary
Beam

0 m

Fig. 4.2-1. Vertical cross section through the proton channel shielding.
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The roof portion of the bulk shield over the proton channel is conveniently
made of self-supporting concrete beams, which allows relatively quick access to
the proton beam and target stations for routine maintenance such as target
changes and for replacement operations.

Because of the intense activation of components downstream of the target,
all elements of the target cell, the MAXJM extraction, the first half-quadrupole
triplets, and the steering magnets between them have to be designed for remote
handling. We propose to join the individual units by using SIN-type remotely
insertable vacuum seals (inflatable steel pillows, differentially pumped).
Target, collimator, diagnostics, magnets, and half-quadrupoles are powered,
cooled, and controlled from the top through steel shielding blocks by special
feeder plugs that can be manually disconnected from the units and the fixed
utility distributors. Once uncoupled, individual units and their shielding
blocks may be hoisted out by a radio-controlled crane and placed into appropri-
ate shielded casks or directly into a hot cell. A few particularly exposed
units such as the target, certain collimators, and diagnostics, would be
inserted as vertical plugs including local shielding, which then can be exchang-
ed by mechanized, remotely activated shielded casks. In this way, general-pur-
pose manipulators and robots are not needed for any foreseeable service or
replacement operations and need only be considered for emergencies.

The shielding and servicing concepts outlined above have evolved from the
operating experience with the high-intensity beams at LAMPF and the other meson
factories. Host are being implemented and extended in the current upgrade to
the A-6 beam-stop area. Further development and refinement of these and other
alternatives that promise to further reduce shielding and remote-servicing costs
or downtime will receive strong encouragement.

Area N and proton beams that service it will be placed below grade as much
as possible to take advantage of the natural earth shielding. Some magnetite
concrete poured in place or stacked near the top and to the side of the target
cell is needed to provide at least 21 hadron attenuation lengths of shielding in
all transverse directions. Savings of 50% or more in shielding costs are
achieved by this approach, a~ compared with a comparable above-grade configura-
tion. Figure 4.2-2 shows typical below-grade construction.

4.3 Targets

The optimal secondary beam production target would be approximately one in-
teraction length of the highest density material that would have a useful
lifetime in the full-intensity primary beam. One interaction length is a good
balance between the conflicting goals of having most of the primary protons
interact to produce secondary particles and having none of the secondaries lost
to interactions in the target. Beyond one interaction length, the total flux of
forward secondary particles escaping the target starts to decrease despite the
fact that more are produced in the target. The proposed configuration of two
targets, of the order of one interaction length each, in series, will ensure
that most protons interact to produce secondary beams before reaching the beam
stop. High density means shorter targets and reduced depth-of-field effects in
the secondary beam-line optics. More fundamentally, high target density implies
high source brightness, which is a most desirable starting point for producing
high-quality beams.
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Fig. A.2-2. Below-grade proton ciannel shielding configuration.

Severe heat loads will be encountered in high-density, thick targets at
LAMPF II. Calculations using the Fermilab code CASIM (Va 75) indicate that
80 kW of heat will be deposited in a 5-mm-diam, 150-mm-long (one interaction
length) copper target bombarded with the full-intensity 45-GeV beam. Most of
the heat arises from electromagnetic showers initiated by n°'s produced in the
target. Only about half of the shower energy is contained in this target. A
target of one interaction length of a refractory metal such as tungsten will ab-
sorb most of the shower energy, thus leading to a heat deposition of about
150 kW. Power densities such as these present formidable problems of heat
removal and target lifetime. The loads mentioned above should be compared with
the approximately 30-kW heat loads currently encountered at LAMPF I in
60-mm-long graphite targets bombarded by 1000 uA of 800-MeV protons.

Tvo basic approaches to target cooling are being considered and both appear
feasible with proper selection of materials and careful engineering. In the one
shown schematically in Fig. 4.3-l(a), the stationary finned target is water
cooled. In t̂ e other, shown in Fig. 4.3-l(b), the heat from a rotating target
is transferred by radiation to water-cooled chamber walls. A third, more con-
servative alternative would be a rotating water-cooled target.

Preliminary heat-transfer calculations (Br 84) indicate that a carefully
optimized copper target with fins can be adequately cooled at ons-half of full
intensity. At full intensity, cooling is marginal because interior temperatures
near the exit of a target of one interaction length are close to the melting
point. Shorter targets are more feasible at full intensity. The reason for
this is that power densities are lower because electromagnetic showers take
several radiation lengths to develop maximum intensity. Higher density targets
of tnis design are even more difficult to cool and may not be practical. The
simplicity, small size, and absence of moving parts are the chief attractions of
this design.
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Fig. A.3-1. Conceptual target designs for secondary beam production.
Figure (a) is a stationary target and (b) is a rotating wheel target.

A rotating cylindrical target of a refraccory metal such as tungsten can be
cooled by radiation if allowed to operata at temperatures of around 2000°C or
greater. For a target of one interaction length (~100 mm), this implies a diam-
eter of about 200 mm. Bearings that will operate reliably at these elevated
temperatures and in vacuum are one of the main difficulties with this approach.
Careful attention must also be paid to the cooling of the chamber walls that
receive the radiant heat from the target.

Of the three alternatives, a rotating water-cooled target will operate at
the lowest temperatures. There is little question of its ability to transfer
heat. The most serious question is one of reliability, related to its mechani-
cal complexity and the rotating water seals. Nevertheless, this basic approach
is currently being developed for the neutron-producing target of the proposed
German spallation neutron source.

The discussion thus far has centered on targets for the slow-extracted beam
areas. Targets for the fast-extracted beam areas face an additional complica-
tion of thermal shock from ihe ultra-high-peak power loads of a pulsed beam
whose pulse length (~1 us) is about f.'ve orders of magnitude shorter. In this
regime the temperature change, hence thermal expansion, develops in a short time
compared to the time it takes sound to traverse the beam spot. This leads to
coherent stress waves that can constructively interfere to produce high stresses
in the target. The phenomenon is now encountered in neutrino and antiproton
production targets at CERN and BNL. The peak intensity from the LAMPF II
booster is comparable, but the time-averaged beam is two orders of magnitude
higher. Thus we will have comparable dynamic thermal stresses, but they will be
superimposed on a much more severe steady-state load. Accurate modeling of dy-
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namic thermal-stress phenomena for the LAMPF II v target is a major effort that
has not yet been attempted.

Preliminary analysis shows that graphite is an acceptable target material
for the v area. Estimates of thermal shock using simplified analytical models
(Si 74) indicate that graphite targets exposed to the booster beam with a spot
size larger than 5 mm in diameter will survive the dynamic thermal stresses.
Furthermore, LAMPF I experience with cooling of graphite targets shows that
steady-state heat transfer is achievable. Higher density targets are not
mandatory for the M area, because the v beam quality for the dual-horn system is
not appreciably affected by the extra length of graphite.

It is clear that solutions can be achieved for the targeting requirements
of LAMPF II. Opportunities exist for significant improvements in both per-
formance and reliability. Development of higher density targets is desirable,
because they will result in improved performance of most secondary beams. Fur-
ther study and development of targets should be undertaken on a timely basis.

4.4 Target-Cell Configuration

A target cell is defined as the immediate region around a thick production
target or beam stop. It contains the nearby beam-line components, including the
first elements of secondary beams, which are certain to become highly
radioactive in normal service. It is the region where most, if not all, of the
remote-handling activity is expected to occur. Most of the special problems as-
sociated with high-intensity experimental-area facilities are concentrated in
the target cells. Once constructed and in service, they are not easily
reconfigured and tend to become as fixed and permanent as any of the accelerator
facilities. Not surprisingly, much of our early thinking has been directed to
the configuration and design of target-cell components upon which so much else
depends.

A target of one interaction length will cause a sizeable fraction of the
incident beam power to be scattered into nearby components in the form of secon-
dary particles ,nd other reaction products. These particles, in turn, will
deposit their energy as heat and radiation dose. To illustrate the heating or
dose rate, we have used the Fermilab code CASIM (Va 75) to calculate the power
deposition in an idealized but highly relevant model consisting of a 150-mm
(one-interaction-length) copper target surrounded by a 2-m-thick spherical iron
shield beginning 1 m from the target. A conical hole 50 mm in diameter at the
start of the shielding was provided to pass the uninteracted primary beam. A
set of curves showing power density deposited in the shield as a function of
polar angle and radial depth in the shield is shown in Fig. 4.4-1. These can be
used to estimate the heat and radiation dose to components in a target cell. In
the model calculation about: 40X of the incident beam power, or 600 kW, is depos-
ited in the shield. For comparison, about 150 kW are scattered into the target-
cell components by the current A-2 target at LAMPF I. Active measures such as
water cooling of components and close-in shielding are required to remove this
heat from the target cell; free convection will not be sufficient. Furthermore,
the high radiation dose requires radiation-hardened materials and designs for
these components. Fortunately, the LAMPF I experience has resulted in the de-
velopment of many of the needed technologies.
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Fig. 4 .4 -1 . Power density deposited in a spherical iron shield by a 34-pA beam
bombarding a one-interaction-length copper target 1 m from the shield.
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In each target cell the first component after a target is a water-cooled
collimator or heat shield whose primary function is to partially absorb the
power of the scattered beam. It serves to protect more sensitive downstream
components such as magnetst flanges, and instrumentation by an order-of-
magnitude reduction in the heat load and radiation dose they would otherwise
receive. Thermal calculations show that a well-designed copper collimator will
be adequately cooled if placed about 1 m downstream from a target of one inter-
action length. The apertures in the collimator (for passage of the primary
beam) are large enough (>10 std dev ) that only the halo of the residual primary
beam is intercepted. In this sense the collimator is not a true beam collima-
tor, but rather a special water-cooled shielding element coaxial with the beam.
In any case, the beam halo that might otherwise spill downstream is removed.

One of our primary goals has been to gain the maximum utility from each
target station. This has led to our present emphasis on target-cell configura-
tions with more than one secondary beam per target. The real challenge is to
obtain two or more small-angle, charged-particle beams per target with minimal
compromise of secondary beam channel performance. We believe this is possible
with a new magnetic system that has been developed (Ts 85a) for multiple
achromatic extraction of independent momenta (MAXIM). It consists of two con-
centric annular bending magnets of opposite polarity centered on the production
target (see Fig. 4.4-2). For this rotational symmetry and zero total magnetic
flux, it can be shown (Ts 85a) that all charged particles emerge from MAXIM on
an axis whose projection into the (horizontal) bending plane intersects the
target. This is true exactly for all momenta. The momentum determines the de-
flection angle between the direction in which the particle is produced (produc-
tion angle) and the direction in which it emerges from MAXIM (extraction angle).
For small angles, the deflection angle is inversely proportional to the particle
momentum.

This extraction system allows particles produced in the forward direction
to be extracted into beams at non zero angles for a given momentum. Particles
of neighboring momenta are extracted at angles near enough to 0° not to
significantly impair production rates or source geometry.

An optimal layout consists of a central secondary beam, extracted at 0°,
and two symmetrically arranged lateral beams at 100- to 200-mr extraction
angles. The central beam accepts particles of relatively high momentum and
either charge sign, where the only condition is that the average momentum be
typically at least 2-3 times higher than that of the lateral beams. The lateral
beams are coupled only insofar as they carry particles of opposite charge for
optimal flux. Equally charged particles may be extracted at the cost of rela-
tively large production angles and corresponding rate reductions of 3 to 5 in
one of the lateral beams (see Sec. 2.2.9, Beam Rates).

It should be emphasized that, in practice, MAXIM does not compromise angu-
lar acceptance nor the freedom of choosing the beam optics because it acts as a
drift space in the bending plane and only exerts moderate vertical focusing that
increases acceptance and can easily be integrated into the optical design of
most beams.

The transverse spatial distribution of the beam has been parameterized as a
Gaussian curve of width 2s or 2 std dev, where a has the customary meaning.
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Fig. 4.4-2. Schematic diagram of a MAXIM system for extraction of secondary
beams from a production target.
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4.4.1 Target Station 2. Target 2 was studied in some detail to understand
the probability of survival of a tungsten target of one interaction length. As
was mentioned before, this target has the shape of a rotating cylindrical wheel
and is designed to cool by radiative heat transfer to its surroundings. The
target is heated primarily by gamma showers that originate from 11° decay. Stop-
ping power and Y heating in a tungsten slab target with an interaction length of
10 cm, a radiation length of 0.35 cm, and a minimal stopping power of 30 MeV/cm
have been calculated. The relative power deposited per unit target length is
shown in Fig. 4.4.1-1 for a narrow baam centered on a target of width 2r and
length 5. P and E are the power and energy of the incident beam. For a
target of 4 mm width (r = 2 mm), P = 1.5 MW, and EQ - 45 GeV, the maximum
specific power deposited is about 13 kW/cm. A target wheel 40 cm in diameter
will reach a temperature of about 2100°C resulting in an evaporation rate of
5 um/year or about 5 g/year for the entire target, which is tolerable. To

10 12 cm

Fig. 4.4.1-1. Power deposition per cm of target length in a tungsten slab
target as a function of distance in the target along the primary beam direction.
The solid curves are electromagnetic shower contributions for targets of various
widths (2r) and the dashed curve shows the contribution from the ionization
energy-loss of the primary beam. The total power deposition is the sum of the
two contributions.
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minimize contamination and heat loading of the target vacuum chamber, the target
wheel is encased in a water-cooled heat shield whose beam entrance and exit
holes are closed off by thin (1-mm) radiation-cooled graphite windows. The
target bearings may be modeled on existing LAMPF I designs, which must withstand
considerably higher irradiation because of less forward peaking of high-energy
particle radiation at 800 MeV.

Extraction and Heat Shield. Figures 4.4.1-2 and -3 show horizontal and
vertical cross sections through target station 2 and its MAXIM extraction svs-
tem. The poles of the MAXIM magnets are designed wide enough to provide homoge-
neous fields for the orbits of secondary particles of both charge signs with mo-
menta between 0.6 and 3 GeV/c. To improve field quality and reduce magnet size,
narrow pole gaps are desirable. Narrow gaps pose problems due to the presence
of intense heating by particle irradiation from the target. Integration of pole
tips into the MAXIM vacuum chamber as parts of the chamber walls, welding them
together with nonmagnetic stainless steel intermediary sections, helps to
maximize the aperture by eliminating a separate vacuum chamber inside the gap.

Heat deposited in the extraction region was estimated from the Monte Carlo
results illustrated in Fig. 4.4-1. From these data, the heat flux densities and
maximal temperatures shown in Fig. 4.4.1-3 were calculated. The results indi-
cate that conventional design of the cooling system for the vacuum chamber, such
as stainless steel ducts bonded to the chamber by plasma-sprayed aluminum for

SIN-Typ*
Vocuum S«al

Heat
Shiald

Boaring

Vacuum
Chamtotr

Cu-CollimaJor

0 5

Fig. 4.4.1-2. Horizontal cross section through target station 2.
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Fig. 4.4.1-3. Vertical cross section through target station 2. Estimated
heat-flux densities and equilibrium temperatures are shown for several
components.

better heat transfer, is adequate. However, the yoke surfaces facing the
chamber also have to be cooled in a similar way. The radiation-hardened coils
have to absorb additional local power densities between 0.5 and 2.5 W/cm3, which
can be handled by conservatively designed coil cooling. The total irradiation
power absorbed by the coils of the first magnet is less than about 20 kW com-
pared to electric power dissipation of about 80 kW. Additional protection for
the first coils and for the vacuum seal between target chamber and MAXIM is pro-
vided by an edge-cooled copper collimator placed immediately downstream of the
target. It absorbs about 100 kW of particle irradiation. The overall power
distribution in target station 2 is shown in Table 4.4.1-1.

4.4.2 Target Station 1. Since the power density in target 1 is similar to
that intarget 2, we can again plan a radiation-cooled rotating tungsten wheel
which would have a conical shape to allow 120° extraction tor the u0.2 beams but
would otherwise use the same design as target 2. A horizontal cross section
through target station 1 is shown in Fig. 4.4.2-1. The MAXIM poles were
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TABLE 4.4.1-1

POWER DEPOSITION IN TARGET STATION 2

April 1986

Total beam power P = 45 GeV • 34 yA
Beam power after target = ?Q/s
Power absorbed in the target

Power escaping beyond MAXIM

1530 kW
-560 kW
-70 kW

secondary

r absorbed

MAXIM: 1.
1.
1.
2.
2.
2.

particles emitted

by: collimator

from

target shielding

coils
pole tip
yoke
coils
pole tip
yoke

MAXIM total

2 x
2 x
2 x
2 x
2 x
2 x
2 x

target

10
50
40
5
50
10

kW
kW
kW
kW
kW
kW

165 kW

900

-100
-30

kU

kW
kW

-330 kW

440 kW

Vacuum
Chamber

-Target Wheel (W)
BearingvHeat Shield o

Fig. 4.4.2-1. Horizontal cross section through target station 1.
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designed to accept particles with momenta between 0.3 and 1.0 GeV/c but only of
the "correct" charge, i.e., with production angles smaller than the beam
extraction angles. This restriction is thought tolerable since the two K0.8
beams have similar properties making them interchangeable to a certain degree.

The problems of heat shields and pole geometry are similar to those of
target station 2 and were not again studied in detail. Ths additional p0.2
beams are entirely confined to the backward region of the target. Proper
shielding of the first quadrupole coils will probably allow use of conventional
beam magnets with coils potted in radiation-resistant epoxy.

4.5 Maintenance, Remote Handling, and Access Considerations

High intensity influences the design in several ways, but perhaps none have
greater impact than the constraints imposed by maintenance and servicing of
equipment in the vicinity of a primary-beam target. At LAMPF II, the activation
of equipment will be roughly 50 times higher than for comparable areas at the
AGS (Brookhaven). A maintenance activity at the present AGS that is limited to
a few hours because of radiation exposure to personnel will be limited to a few
minutes at LAMPF II. In practice, this means fhat many maintenance activities
are no longer hands-on, but require remote-handling capability. Remote-handling
equipment is costly and remote servicing so time consuming and manpower
intensive that maintenance requirements become a dominant design consideration.

Clearly, E primary design goal is to minimize the need for and duration of
remote-handling activities. Effective guidelines for minimizing costs and down-
time for remote handling have been developed. They are as follows:

(1) vastly increase system reliability so that repairs are less frequently
needed;

(2) give careful consideration to the ease of component removal and
replacement to minimize remote handling of failed components;

(3) minimize the time and effort to access critical or more frequently
repaired components; and

(4) develop reliable and thoroughly tested remote-handling procedures as
part or the design process to minimize the time lost to unforeseen
problems once remote servicing is under way.

Each of these guidelines has been followed as far as possible throughout
the design studies to date. Shielding layout and access to target-cell compo-
nents have been greatly influenced by the desire to access components quickly
and easily and, where remote handling is necessary, to uso the concepts, equip-
ment, and procedures developed and proved in practice at LAMPF I. Remote-
handling access through distances prescribed by high-density shielding allows us
to continue to use the equipment and procedures previously developed. To do
otherwise would incur new uncertainties and possibly large development costs.
Moderately sized components that need more frequent replacement or repair are on
vertical penetrations for quick access and removal without need for full-blovn
remote handling.
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Highly reliable component designs for the harsh environment of a high-in-
tensity target are a long-term ongoing development effort at LAMPF. A good Oeal
of it carries over to LAMPF JI, but much remains to bs done before :he desired
level of reliability is reached, inorough prototype development and testing are
needed to ensure that the final designs will have the nece^-sary reliability of
performance and ease of servicing.

Future development of the IAMPF II proposal will require continued atten-
tion to means of reducing r.V* costs that are driven up by maintenance and
remote-handling requirements. In nur studies thus far, we have resisted the
temptation to reduce initial construction costs at the expense of future oper-
ating costs and beam availability. In this proposal and in future optimization
of the design, we will continue to strive for a good balance between the two.
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5. FUTURE DIRECTION OF EXPERIMENTAL AREA DEVELOPMENT FOR LAMPF II

In this proposal we have outlined the scope and general features of a set
of experimental facilities adequate for a broadly based exploitation of the
LAMPF II accelerators. It should not be considered a well-developed conceptual
design, but rather a glimpse of what might be done, a good starting point for a
sound conceptual design study. Future efforts will be devoted to further devel-
opment of the conceptual design with emphasis on optimization, cost reduction,
and the R&D needed to resolve outstanding technical issues. The goal of these
efforts will be an optimized conceptual design including reliable cost esti-
mates.

In the preceding sections \s have identified several opportunities for pos-
sible cost reductions in shielding, remote servicing, and experimental area con-
figuration. We consider cost reduction to include some consideration of future
operating costs as well as initial construction costs. The optimization process
will require the development of an information base that includes the functional
dependence of cost and performance on important design variables. In some cases
this will be done by development of the viable alternative designs to the point
where expected performance is understood and reliable cost estimates can be
made. Optimization is then a matter of choosing the alternative that best meets
the cost and performance criteria.

Technical uncertainties in target design, high-duty rf separators, and a
number of issues related to innovative secondary beam design require additional
in-depth research and development. These should begin soon to have beneficial
influence on the conceptual design. In particular, the evaluation and develop-
ment of high-field, high-duty-factor, superconducting rf separators will take
considerable time and effort to come to fruition. Our first step will be a
sound assessment of the present state of the art. Innovative beam design is es-
pecially needed for high-resolution, low-energy kaon beams required for nuclear
physics with kaons. Although this problem has attracted the attention of a num-
ber of workers, a stronger effort is clearly warranted.

Cost estimates for the secondary beam lines are perhaps the most uncertain
costs in this proposal. Parameters presented for the secondary beam lines were
deduced from general principles rather than froa1. specific designs. A major
effort will be to produce more specific and optimal conceptual designs. We
expect active consultation and collaboration with the user community in this
area.
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7. COST ESTIMATE AND SCHEDULE

1. COST ESTIMATE

The LAMPF II cost estimate was prepared jointly with a consulting team led
by Paul Rcardon of the Science Applications International Corporation's
Princeton office in December, 1984. This estimate was prepared by first making
a work-breakdown structure and then costing each item in that structure. For
each item we used recent experience at Los Alamos or other laboratories,
vendor-supplied prices, or standard reference costs from construction
cost-estimating handbooks. Labor rates applicable in the Los Alamos area were
used for manpower cost estimates. All costs are given in January 1, 1985
dollars.

During 1985, we made as few changes to the cost estimate as possible. We
chose to consider only the improvements of the experimental areas. Area H was
eliminated. The beam lines in Area H and the pulsed muon beam in Area N were
moved to Area A. A revised work-breakdown structure for Area A was created,
with much more detail than the 1984 version. Reasonable sizes and strengths
were selected for all magnets and separators, and the resulting magnets and
power supplies were cost estimated on the basis of recent procurements at LAMPF.

In addition to the experimental area changes, we modified the main-ring
dipoles and magnet power supply to the estimates given in the December 26, 1985
report of Ebasco Services Inc. We also found an error in the astimate for all
closed cycle water cooling systems. We raised the cost of water systems by a
factor of approximately two to agree with recent experience at Los Alamos. The
revised estimate is given in Table 7.1-1.

The estimated cost of the new version of LAMPF II including installation,
ED&I, and project management is $327,600 K, with cost given in January 1, 1985
dollars. This amounts to a savings of $35,500 K, or 11£, compared with the
previous estimate. Since no changes were made to the installation-, ED5.I-, or
project management-rates in the estimate, this savings represents the real
result of simplification in the experimental area designs.

Over and above the costs shown in Table 7.1-1, we must include contingency
and escalation. The contingency rate used is 25% ($81,910 K) with reductions
likely to occur as we continue to refine the accuracy of our estimate1?.
Escalation from January 1, 1985 to the midpoint of the project construction is
estimated at 40.4X using DOE-supplied escalation estimates. The resulting total
estimated cost at project construction time including contingency and escalation
is $574,980 K.
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TABLE 7.1-1

LAMPF II COST SUMMARY

$K FY85 DOLLARS EXCEPT AS NOTED

Description Material Instal- Total ED&I PM/CM TotalMaterial
Cost

Instal-
lation
Cost

Total
Cost

ED&I
Cost

Stage 1 - Low Energy
Conventional 24,040 7,430 31,470 4,840 2,830 39,140
Facilities

Booster Hardware/
Equipment

Low Energy Exp.
Area N

35,

8,

630

680

6,

1,

770

650

42,

10,

400

330

12

2

,010

,600

4,030

980

58,440

13,910

Stage 1 - Subtotal $68,350 $15,850 $84,200 $19,450 $7,840 $111,490

Stage 2 - High Energy
Conventional
Facilities 18

Main Ring
Hardware/Equip.

High Energy
Exp. Area A

65

57

Stage 2 - Subtotal $141

,890

,390

,440

,720

8

12

$27

,670

,420

6,580

,670

27,

77,

64,

$169,

56U

820

020

390

4

10

16

$30,

,070

,230

,470

770 !

2,

7,

6,

480

400

080

960

34,

95,

86,

$216,

110

450

570

120

TOTAL $210,070 $43,520 $253,590 $50,210 $23,800 $327,600

A. Estimate assumes a surplus generator will be used, resulting in a
$7 M reduction in estimate.

B. Where detailed estimates are not available, installation cost is
assumed at 19£ of material cost.

C. ED&I cost for conventional facilities is assumed at 16£ of material
plus installation.

D. Project management/construction management - 9% of conventional
facilities plus 9.5% of equipment.
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2. SCHEDULE

We have prepared a detailed schedule for LAMPF II construction. This
schedule, which is documented in the 1986 Preconceptual Design Report, shows a
seven-year construction period. The long construction time was chosen to
minimize peak funding and manpower requirements.

The project will be completed in two stages. The lov-energy stage,
consisting of booster and Experimental Area N, will be completed in 3-1/2 years.
The booster can be operated without interference to the construction of the
remainder of the project, which will be done during the second 3-1/2 years. If
we assume a 1988 construction start, then booster operation can commence in
mid-1991 and full operation will occur in 1994. The full construction schedule
is shown in Fig. 2-1.

In the proposed seven-year construction schedule, no shutdown of the LAMPF
linac is necessary. Experimental Area t.. would have to be shut down to
reconfigure it for high-energy beam. A three-year shutdown of Artja A starting
in 1991 is suggested.

Many other construction schedules ai:e possible. Given sufficient funding
and manpower, we could construct the complete facility in four years. At this
early stage without funding information, it is appropriate to discuss a range of
scenarios.
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Fig. 2-1. Preliminary Schedule for LAMPP II construction.
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