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Preface

In August 1984, Brookhaven National Laboratory submitted a proposal
for the construction of a Relativistic Heavy Ion Collider (RHIC). This document
is an update of that proposal after a year in which detailed reviews have been
carried out of the machine design, accelerator R&D requirements, physics re-
search program and detector issues.

In 1983, the DOE/NSF Nuclear Science Advisory Committee (HSAC) noted
a renaissance in nuclear physics. An assessment of the major scientific ques-
tions facing the field struck a new theme of nuclear interactions as the means
for investigating the most basic and elemental structures of matter. A Long
Range Plan was formulated to ensure for the United States a strong role in the
leadership of nuclear physics as this renaissance develops through the coming
decade. The Long Range Plan of December 1983, reaffirmed in November 1984,
states:

"We identify a relativistic heavy ion collider as the
highest priority for the next major facility to be
constructed, with the potential of addressing a new
scientific frontier of fundamental importance."

The proposed RHIC facility will fulfill all of the requirements for this impor-
tant goal of the U.S. scientific program. It is also the key ingredient of the
institutional plan recently presented to the Department of Energy in response to
its request for activities at BNL which would both benefit scientific excellence
and revitalize the Laboratory.

The U.S. Department of Energy is presently funding a program of exper-
iments with high energy heavy ion beams which will take the first steps toward
this new frontier of exploration for nuclear physics, and the Brookhaven acceler-
ator facilities will play the central role. The project to link the Tandem Van de
Graaff and the £GS is now nearing completion. This will allow ions up to mass
^30 (Sulfur) to be accelerated in the AGS to an energy of 15 GeV/amu. Several
major new experiments are being prepared to utilize these beams beginning in the
fall of 1986. The addition of the AGS Booster Synchrotron will extend the mass
range to the heaviest ions (A - 200, e.g., Gold) within a few years of these ini-
tial experiments. The construction of RHIC represents the natural continuation
of this program, using the existing accelerators and the CBA facilities at BNL
in a very cost effective way to realize a flagship facility for U.S. Nuclear
Physics which will be unique in the world.

The present conceptual design has been carried out by a task force
established by Associate Director Paul Reardon and headed by Thomas Ludlam and
Harald Hahn. This; task force included scientists from many laboratories through-
out the U.S. and ^ibroad, with significant presence in the areas of theoretical
and experimental /physics, detector design and user involvement. The goals were
to undertake a thorough review of the RHIC design, to prepare s complete R&D
plan for the proposed project, to coordinate a broad approach within the user
community to the understanding of RKIC research issues, and to identify specific
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requirements for experiments and detectors. This report is the result of that
work.

This report has no major changes in the scope of the project. Some
aspects of the design which were not fully specified at the time of the earlier
submittal have now been finalized, and improvements have been made in some areas
as a result of continued study. The RHIC magnet design has been specified and
a series of prototype tests initiated. We have adopted a separate rather than
dual magnet configuration. This choice, for a small increase in the construc-
tion cost, adds greatly to the flexibility of the machine as a research instru-
ment. In addition to this change, a new, antisymmetric lattice has been chosen
as the basis for the accelerator physics design. The present proposal calls for
a four year construction schedule, with completion in 1991.

This report is accompanied by a complete R&D plan, which has been
submitted as a separate document. The plan addresses all the major R&D tasks
which have to be performed prior to and during the construction phase. A large
portion of this development work involves magnets. To streamline this work a co-
operative agreement has been reached between BNL and Germany's DESY Laboratory
whereby magnet tooling for the HERA accelerator project will become available
for RHIC magnets. The availability of HERA tooling will allow prototype magnets
having the full RHIC specifications to be tested within a year, and will afford
significant savings in the cost of magnet production. The first model magnets
to evaluate the single layer, cos6 dipole design concept with a curved axis have
been built to half the full design length, and initial tests have been very suc-
cessful. In addition to the-R&D plan, a preliminary management plan has been
developed to establish guidelines for management, technical, and administrative
responsibilities throughout the life of the project.

An advisory committee has been convened, made up of leaders from all
segments of the international nuclear physics community, to advise the Director
of BNL on policy matters relating to the design, funding, construction and use
of the proposed RHIC facility. This committee, which is chaired by D. Allan
Bromley of Yale University, met in the spring of 1985, and strongly endorsed the
main features of the proposal presented here. The committee will continue to
meet at regular intervals and will play an influential role in the planning for
RHIC.

In April 1985, a workshop involving about 100 experimenters and
theorists was convened at Brookhaven for a detailed evaluation of the basic phys-
ics ideas for a research program at RHIC. The proceedings from the workshop are
now available. This effort produced a set of conceptual designs for a possible
first round of experiments whos'e detector designs, including cost estimates,
were developed by a broad segment of the international community of potential
users, and will serve as a concrete basis for assessing the physics potential of
the machine. This work is continuing in working groups based at several
laboratories, with the next major workshop planned for early in 1987.

In March 1986, & review panel of experts from outside BNL was
convened, with W.J. Willis (CERN) as Chairman, to examine this proposal with re-
gard to the readiness for substantial R&D funding and construction authorization
on the proposed time scale. After a critical appraisal the committee's main
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conclusion was that "the RHIC project is now technically ready to proceed to
construction." Subsequently, the costs and schedules shown in this proposal
have been reviewed by the DOE Assessment and Validation Branch for inclusion in
the FY 1988 budget.

Brookhaven National Laboratory has distinct advantages and unique
assets for constructing a Relativistic Heavy Ion Collider facility at a low cost
not possible at any other site. The flexibility of fixed target operation as
well as beam-beam collisions covering the entire energy range up to 100x100
GeV/amu and the full range of ion species from protons to gold would provide a
unique, dedicated, world-class facility which meets the criteria for scientific
excellence which the United States should support. Brookhaven National Labora-
tory, its scientific and technical staff, and its Directorate have complete con-
fidence in the scientific merit of this machine and in their ability to build a
superb facility to pursue research of fundamental importance in nuclear and ele-
mentary particle physics.

Nicholas P. Samios
Director
Brookhaven National Laboratory
May 1986
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I. SUMMARY

I.I. Introduction

With the introduction of the quark model, speculation began on the pos-

sibility of creating a form of matter in which the recognizable components are

not the familiar neutrons and protons, but are quarks. The development of

Quantum Chromodyna&>ics (QCD) as a fundamental theory of strong interactions pro-

vided confident predictions, rather than speculations. An international commu-

nity has since developed among nuclear and particle physicists with a common

interest in the possibility of creating this matter by colliding heavy nuclei at

extremely high energies.

As interest mounted in this new field of physics, the DOE/NSF Nuclear

Science Advisory Committee (NSAC) considered a high energy heavy ion collider as

a part of a long range plan for nuclear science (December 1983) and declared

"... the United States should proceed with the planning for the construction of

this relativistic heavy ion collider facility expeditiously; and we see it as

the highest priority new scientific opportunity within the purview of our

science." The view of the high energy physics community is reflected in the

report of the July 1985 High Energy Physics Advisory Panel (HEPAP) study of

the U.S. High Energy Physics Program for the decade 1985-1995: "Although this

machine is in the realm of nuclear physics, it is of interest to the particle

physics community. It will be directly testing non-perturbative aspects of the •

non-Abelian gauge theory of quarks and gluons." In August 1984, after a long se-

ries of workshops, discussions at several international conferences, and with

the cooperation of accelerator design experts from many laboratories throughout



the United States and Europe, Brookhaven submitted to the DOE a conceptual de-

sign for a Relativistic Heavy Ion Collider.*

The RHIC facility will provide a unique world-class heavy ion research

facility which would extend by at least an order of magnitude the center-of-mass

collision energies available with man-made beams of nuclei. This facility can

be realized at a cost well within the expectations of the NSAC long range plan,

utilizing the AGS accelerator complex as injector to a dedicated heavy ion

collider in the CBA tu..nel with its existing experimental halls, support build-

ings and liquid helium refrigerator. The present volume is an update of the

RHIC design and the construction plan and cost estimate.

Following the August 1984 submission a laboratory task force has

reviewed in detail all aspects of the machine design in order to develop an R&D

plan and a complete specification of the machine parameters which would allow a

construction project to begin at the earliest possible date. This document is

the result of that review, and supersedes the August 1984 design report. There

are no major changes in the scope or cost of the proposed project. The essen-

tial new aspects of the present proposal are the following:

The lattice of machine magnets has been redesigned. The lattice described in

the earlier proposal was an adaptation of the CBA design, with particle

orbits symmetric about the crossing points. A new antisymmetric lattice has

now been adopted which provides much greater flexibility for the design of

the beam crossing regions in RHIC.

• The RHIC magnet design has been fully specified. The arc dipole magnets are

single-layer, cos8 coils with coil i.d. of 8.0 cm and yoke length of 9.7 m.

In a departure from the previous proposal, these will be separate rather

*"RHIC and Quark Matter: Proposal for a Relativistic Heavy Ion Collider at
Brookhaven National Laboratory," BNL 51801 (August 1984).



than dual magnets. This choice was made in part because the new

antisymmetric lattice allows the beams to be more widely spaced in the arcs

without unreasonable requirements on the insertion magnets. The choice of

separate magnets further adds to the flexibility of the machine and reduces

the cost of operation and maintenance.

• As a result of the rapidly developing science of particle tracking studies

during the past year it has been found that the potential problem of

dynamical aperture limitation due to random, non-linear magnet errors is

greater than had been previously appreciated, requiring a more sophisticated

system of correction coils.

• By streamlining the R&D effort and taking advantage of existing magnet

tooling the construction schedule has been shortened to a four year period.

The plan presented here calls for start of construction in FY 88 and comple-

tion in FY 91.

The widespread interest and excitement attending the promise of an en-

tirely new field of exploration in experimental and theoretical physics have

continued to attract growing numbers of nuclear and high energy physicists to

think about and plan for high energy heavy ion experiments. In April 1985 5 a

workshop with international participation involving approximately 100 experi-

menters and theorists was convened at Brookhaven to develop conceptual designs

for a first round of experiments for RHIC. This has resulted in a suite of de-

tector designs which can serve as a concrete basis for discussion of the physics

potential of the machine and for developing detector cost estimates. This and

other recent workshops have involved a broad-based community of potential users

in the process of generating specific research proposals. This community



includes in a natural way those physicists presently embarked on a program of

fixed target experiments with ion beams at the Brookhaven AGS and CERN SPS.

Brookhaven National Laboratory has distinct advantages and attractive

assets for developing a dedicated heavy ion collider facility in the range up to

100 GeV/amu energy per beam. Briefly these are: a complete injection system

will exist independently of the collider; the injection tunnels from the AGS,

the main tunnel, support buildings, three completed experimental areas (three ad-

ditional undeveloped experimental areas also exist), and a central control build-

ing, are available from the CBA project; a cryogenic refrigerator system is com-

plete and tests show that it has the capacity to meet RHIC requirements.

Brookhaven has an experienced superconducting magnet group and large facilities

exist for constructing, assembling, and testing superconducting magnets.

The top beam energy (̂ 100 GeV/amu for beams of gold ions) arises

naturally and simply from the circumference of the existing tunnel (J*4 km)

and by selecting a modest, conservative, magnetic bending field of «̂ 3.5 T. This

relatively low field allows a simple single-layer magnet design at minimum cost.

With this collider facility, a wide and continuous range of equivalent beam

energies, in the center of mass frame, is available: from ̂ 1.5 GeV/amu to 100

GeV/amu. This range would be attained by using the AGS for fixed target experi-

ments (1.5 GeV/amu to 2.5 GeV/amu); one collider beam striking an internal gas

jet or wire target (2.5 GeV/amu to 7 GeV/amu); and the colliding beams of the

collider itself (7 GeV/amu to 100 GeV/amu). This range of energies, the flexi-

bility of having fixed target operation as well as beam-beam collisions, and the

full range of ion species from protons to the heaviest ions would provide a

unique dedicated, world class facility, which meets the criteria for scientific

excellence which the United States should support.



1.2. Description of the Facility and Performance

The complete RHIC facility will be a complex set of accelerators and

beam transfer equipment connecting them. A significant portion of the total fa-

cility either exists or is under construction. Only the high-energy collider it-

self will be requested through this proposal.

Figure 1-1 shows an aerial view of the acceleration complex. Figure

1-2 is a site plan showing all of the major components. The two existing, effi-

cient Tandem Van de Graaff accelerators will serve for the initial ion accelera-

tion. It is proposed that cwo-stage operation be employed with the negative ion

source at ground potential. Both Tandems will be available in parallel, so that

a spare source of particles will exist. The negative ions, with charge -1, are

accelerated from ground to +15 MV potential. They pass through a stripping foil

in the high voltage terminal yielding partially stripped ions, with a positive

charge, Q-,, which is a function of the element being accelerated. (Ions

considered specifically for this proposal are deuterium, carbon, sulfur, copper,

iodine and gold. Other species are not ruled out.) The partially stripped ions

are accelerated back to ground potential, increasing their energy by 15 Q« MeV.

Exiting from the Van de Graaff, they pass through a second stripping foil; for

example carbon, 20 yg/cm thick, for gold ions.

From this point, theions will traverse a long 0^2,000 ft.) transfer

line to the AGS tunnel, where the transfer line will enter the tunnel for about

120°, then exit and proceed to be injected into the Booster accelerator. The

construction of the Heavy Ion Transfer Line has been completed and commissioning

is in progress. This transfer line will be used to inject heavy ions (up to

sulfur) into the AGS for experimentation at energies as high as 13.6 GeV/amu.



Fig. 1-1. Aerial view of the site, showing the existing and proposed
accelerators.
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Brookhaven has obtained construction funds in FY 86 from DOE for the

Booster project. Present plans foresee completion in FY 89. The booster would

initially be used for improving the AGS experimental program; in particular the

heavy ion mass range would be extended to gold.

The Booster will be located between the existing 200 MeV proton linac

and the northwest quadrant of the AGS (see Fig. I-l). Its circumference will be

one quarter of that of the AGS.

Beam from the Tandem is injected into the Booster and stacked in

betatron phase space by filling the machine with some number, (n J1 8), of consec-

utive turns corresponding to a total number of particles Ng. The beam intensity

will be limited by the available Tandem ion currents for ions up to copper. For

iodine and gold the beam will be space charge limited. For gold we expect Ng to

9 11

be >T2 x 10 ions, while for deuterium NB - 10 .

The beam is captured in the Booster using an rf system operating on

the fundamental harmonic, i.e., only one bunch is used and all particles are in

that bunch. For heavy ions the acceleration time is 0.6 sec and the overall

cycle period of the Booster is 1.2 sec. At the end.of the Booster acceleration

cycle, the particle bunch length will have contracted so that it will match the

length of the rf buckets in the AGS. At a field of 1.2 T, gold ions will have

a kinetic energy of 321 MeV/amu which corresponds to 3Y = 0.898.

After extraction from the Booster, the ions pass through one more

stripping target (about 70 mg/cm for gold ions), where they become completely

stripped and then enter the AGS. No improvements in the AGS vacuum or its rf

system are needed.

Each particle bunch transferred from the Booster to the AGS is

accelerated to the top AGS energy (28 GeV for protons; 11 GeV/amu for gold) and



is then transferred to the collider by a magnet system installed in the existing

transfer line tunnels. Single bunches are injected 57 times into each ring in

boxcar fashion. Filling time per ring will be about 1 min. The circumference

of the collider, 3833.8 m, is determined by the existing tunnel. For gold, as

9 io

an example, there will be >̂ 1.1 x 10 ions/bunch or ̂ 6 x 10 ions in 57 bunches

in each ring. For the lightest ions, hydrogen and deuterium, approximately 10

ions/bunch can be stored in the machine as presently designed. Acceleration

will take approxiraatly 60 sec. Bending and focusing of the ion beams is

achieved with superconducting magnets. Given the existing tunnel, cost

optimization indicates that filling the circumference with lower field magnets

is most economical. At a magnetic field of about 3.5 T, the maximum energy is

J'lOO GeV/amu for gold and 250 GeV for protons. Maximum operational flexibility

is obtained with single layer cos0 magnets, which are in separate vacuum

vessels. The beams in the arcs will be 90 cm apart. The cold bore beam tube

aperture was chosen to be 73 mm in diameter, by primarily considering the re-

quirements due to intrabeaa scattering. A 4.5 m long dipole with RKIC specifica-

tions has been built and tested in December 1985. The quench field was above

4.5 T providing the necessary safety margin and the measured field quality was

within the rtns tolerances.

It will be possible to produce head-on collisions as well as crossings

at 2 mrad. Other crossing angles can be accommodated. The free space available

for experimental equipment around the intersecting point is ±9 m. Estimates for

the luminosity naturally depend on the ion species and the angle at which the

beams collide. For example, for head-on collisions with gold ion beams at top
n y* rt 1

energy, a luminosity of ̂ 4.4 x 10 cm sec averaged over 10 h beam life time

is expected. For protons the expected value should be ̂ 8.4 x 10 cm sec



These maximum values will be decreased by a factor of ̂ 4 using the beam crossing

angle of 2 mrad. Good luminosity should be possible for at least 10 hours for

ion energies from Y = 30 to 100. The luminosity over the full range of energies

is shown in Fig. 1-3, which includes the performance for fixed target operation

in AGS and BHIC. For head-on collisions the interaction region length will vary

from ±35 cm to ±106 cm rms over 10 hours at 100 GeV/amu. For a crossing angle

of 2 mrad this interaction length varies from ±14 to ±27 cm rms.

It must be recalled that the CBA construction provided 6 beam interac-

tion points. Three completed experimental halls located around the tunnel at

clock positions 2, 6, and 8 o'clock already exist. These halls, as well as

interior views of the tunnel, the Cryogenic Wing, and the Collider Center, are

shown in Figs. 1-4 through 1-8. The area at 4 o'clock is open, but has a

completed concrete floor and a support building. The 10 and 12 o'clock experi-

mental areas were undeveloped at the termination of the CBA project. This pro-

posal includes funds only to allow the rings to be completed through these

areas, including radiation shielding. Thus they will not be available initially

as experimental areas. That option is available for the future.
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Fig. 1-4. Interior view of Narrow Angle Hall at 2 o'clock, showing arch-
shaped extension of the experimental area, leading to the tunnel
proper.

Fig. 1-5. View from the Major Facility Hall at 8 o'clock, showing one of the
side halls, and an enlarged section of the tunnel leading to the
magnet enclosure.
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Fig. 1-6. The Wide Angle Hall at 6 o'clock, with adjoining support building.

Fig. 1-7. Enlarged section of the tunnel near 6 o'clock. In the back-
ground can be seen the transition structure leading to the
Wide Angle Hall (left) and the west injection tunnel from the
AGS (right).
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Fig. 1-8. Inside the ring tunnel.

n

Fig. 1-9. Interior view of the Cryogenic Wing. The ends of the five
cold boxes are visible behind the cryogenic piping.
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Fig. 1-10. The Collider Center, as seen from inside the RHIC Ring. From lef".
to right: Main Control Building, Cryogenic Wing, Compressor Struc-
ture, and Cooling Towers.
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Fig. I-H. One of the first 4.5 meter RHIC prototype magnets ready for test.
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1.3. Cost and Schedule

Table 1-1 summarizes the costs for constructing the Relativistic Heavy

Ion Collider, making use of all existing resources at Brookhaven National Labora-

tory. Planning is based on 4 years for overall project completion. This sched-

ule reflects the expectation of management that the magnet production will repre-

sent the critical path throughout the construction of the collider. Assuming

that funds will be available for 1 year of R&D and tooling fabrication prior to

the start of the construction project, a 3 year magnet production schedule is re-

alistic.

Figure 1-4 is the construction timeline for RHIC. Based upon this

sch'-^ule, initial experimentation could begin about October 1991. Complete de-

tails are found in Section VI.

Table 1-1. RHIC Cost Estimate Summary

Accelerator systems 117.4
Magnets
Other

Completion of conventional facilities

Architect-Engineer

Engineering, Design, Inspection, Adm.

Sub Total

Contingency

TOTAL (FY 86 M$)

59
58

.3

.1

4

0

31

153

24

178

.4

.6

.4_

.8

A.

.2
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FY 88 •

FY89 -

F Y 9 0

F Y 9 I

PROJECT START - OCT '87

START PRODUCTION MAGNETS - APR '88

START PRODUCTION INSERTION MAGNETS-OCT'88

MAGNET PRODUCTION 50% COMPLETE - JAN.'9I

MAGNET PRODUCTION COMPLETE-OCT '30

MAGNET INSTALLATION COMPLETE-APR.'91
RINGS READY FOR COOLDOWN - MAY '91

-RINGS COLD - JUL '91
-START BEAM INJECTION -JUL 91
BEAM CIRCULATED -SEP. '91
COLLIDING 3EAM TESTS - OCT '91

Fig. 1-4. BHIC Construction Timeline
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II. PHYSICS AT RHIC

II. 1. Scope of Physics

The essential motivation for colliding heavy nuclei at

ultrarelativistic energies is the production of nuclear matter at extreme condi-

tions of temperature and baryon density: extended volumes of hadronic matter

with energy densities greater than 10 times that of the nuclear ground state

should be realizable. There is little direct knowledge about what to expect

under such conditions as they have not been approached in the laboratory nor

detected anywhere in the known universe. Thus the proposed facility represents

a venture into a completely unknown regime for the study of basic properties

of matter.

While this leap into the unknown is by itself a compelling attraction

for experimenters, it is also true that very specific goals for discovery and ex-

ploration can be defined within our present understanding of Quantum

Chromodynamics (QCD)—as developed from high energy collisions of elementary par-

ticles—and the low energy behavior of bulk nuclear matter. The parameters of

the proposed machine complex will allow the experimenter to make contact with

both regimes in the systematic study of new phenomena.

The specific motivation from QCD is the belief that we can assemble

macroscopic volumes of nuclear matter at such extreme thermodynamic conditions

as to overcome the forces that confine constituents in normal hadrons, resulting

in a phase transition creating a new form of matter in an extended confined

plasma of quarks and gluons. The physics issues underlying the production and

detection of this new state of matter have been the subject of many recent con-

ferences and workshops. Studies with a variety of theoretical methods have

led to the basic expectation that at an energy density of approximately 1 GeV/fm
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nuclear matter must undergo a change of phase to a state in which quarks become

free to move about within a confinement volume much larger than hadronic sizes.

These theoretical expectations ar.. illustrated on the phase diagram of nuclear

matter shown in Fig. II-l.

Such high energy densities are conjectured to have prevailed in the

very early universe, until 5-10 microseconds after the big bang. They may

exist today within the cores of neutron stars. The possibility of creating

these conditions for investigation in the laboratory is one of the great chal-

lenges for modern experimental physics.

Calculations based on the measured properties of high energy hadron-

hadron and hadron-nucleus interactions, as well as information from high energy

nucleus-nucleus collisions observed in cosmic ray data, show that energy

densities of this order can be reached, over the range of temperature and den-

sity conditions exhibited in Fig. II-l, in accelerator-produced collisions of

heavy nuclei.

Recent theoretical results indicate a second phase transition, coupled

to the deconfinement transition, possibly at somewhat higher energy density,

in which chiral symmetry is restored. Inducing this transition would bring us

yet closer to the elementary states of matter, as it is the spontaneous breaking

of chiral symmetry in ordinary hadronic states which gives the pion a nonzero

mass.

From the point of view of QCD, ultrarelativistic collisions of heavy

ions offer the means of studying the fundamental theory of strong interactions

in the limit of high energy densities and observing directly the parameters of

the predicted phase transitions. We will also be able to study the physical

properties of the QCD vacuum state and the mechanism.of quark confinement, both
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Fig. II-l. Phase diagram of Nuclear Matter (G. Baym, Ref. 3). Temperature is
plotted vs. net baryon density for an extended volume of nuclear mat-
ter in thermal equilibrium. Normal nuclear matter appears at the
point PJJJJ, at zero temperature, and this is the neighborhood explored
by low energy nuclear physics. The region of the phase transitions
corresponding to deconfinement (at temperature TQ) and chiral symme-
try restoration is indicated. The two critical temperatures may
well be coincident. The confinement force"couples quarks to form
hadrons. Above T^, hadrons dissolve into quarks and gluons. Above
the temperature of chiral symmetry restoration quarks are massless.
The indicated trajectories show two avenues for probing the quark-
gluon plasma with high energy nucleus-nucleus collisions: by
reaching high baryon densities among the hot, compressed fragments
of the colliding nuclei, and at very high temperatures in the cen-
tral rapidity region among thermally produced particles where con-
ditions may approximate those of the early universe.
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of which reflect manifestly long-range phenomena, over large distance scales

which cannot be realized in collisions of elementary particles.

Zc:tween the conditions of normal nuclear matter and quark-gluon plasma

lies unexplored territory. Many as yet unseen phenomena have been predicted,

some of which are shown schematically in Fig. II-l. There is ample room for the

unforeseen.

In addition to addressing directly problems of nuclear and elementary

particle physics, these experiments will provide essential new information for

use in astrophysics and cosmology. For example, there is presently no direct

knowledge of the equation of state of nuclear matter at densities relevant to

the centers of neutron stars. Measurements of ultrarelativistic heavy ion colli-

sions could provide new insights as to tha masses of neutron stars and black

holes, as well as providing new information to complement surface temperature

measurements from x-ray telescopes for understanding the evolution of these

objects. Models for the collapse of giant stars, leading to the synthesis of

heavy elements and supernova explosion, depend crucially on detailed knowledge

of the properties of nuclear matter at densities which are presently beyond the

reach of experiments. Our understanding of the origins of all heavy nuclei in

the universe assumes they are produced in supernovae explosions. Thus an under-

standing of the origins of the elements requires an understanding of the physics

of supernovae.

With ion collisions at very high beam energies we expect to achieve

not only extreme baryon density (moving out along the horizontal axis of Fig.

II-l), but also to produce the case of extremely high temperature at near-zero

baryon density (moving along the vertical axis of Fig. II-l). The latter condi-

tions approximate those which existed a few microseconds after the big bang, as
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the cooling cosmos condensed from one of quarks to one of hadrons. Direct exper-

imental measurement of this process will have application for understanding the

early stages and subsequent evolution of our universe. Our understanding of the

physics of symmetry breaking transitions, one of the essential ingredients of

modern gauge theories of nature, will be greatly enhanced by having a machine

which can study these transitions over extended regions of space and time.

In the following sections we examine these physics questions, and some

of the important experimental probes, to see how they affect the choice of basic

parameters for a heavy ion collider: in particular the range of beam energies,

accessible ion species, and the collision rate.

II.2. Quark Matter

Experiments with nuclei under ordinary conditions reveal them to be

made up of neutrons and protons, not quarks and gluons. Nonetheless particle

physics experiments persuade us that quarks exist, that they are normally

confined within hadrons, and that the confining forces are such that isolated

quarks are never observed. The expectation that quarks and gluons should become

free of confinement into hadrons under conditions of sufficiently high tempera-

ture and density is a consequence of asymptotic freedom in QCD theory: as the

distances between quarks become very small, as in very high energy interactions,

the forces that bind them tend to zero.

In QCD theory the interaction forces between quarks are carried by

gluons, with the gluon field produced by source charges called "color." In anal-

ogy with quantum electrodynamics (QED), the gluons play the role of photons,

which carry the electromagnetic force. However, the color dielectric properties

of QCD are quite different from the corresponding properties of QED, and this is
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a consequence of the fact that in QCD the gluons as well as the quarks carry a

color charge.

A QCD picture of normal nuclear matter is shown in Fig. II-2a, in

which the ordinary hadrons exist as quarks and gluons confined to small cavities

("bags") imbedded in the ground state, nonperturbative vacuum. This ground-

state vacuum is not simply empty space, but a complex physical medium ' which

excludes the color fields which act upon quarks and gluons. An isolated quark

has infinite mass in this medium. Inside a hadron the presence of quarks and

gluons transforms the vacuum to a higher energy state—the perturbative, or

"simple" vacuum—in which color fields can be established and quarks and gluons

propagate freely. In the bag models of hadrons, the higher energy density of

the perturbative vacuum is treated as a pressure exerted on the confining volume

(.the bag) by the outside vacuum.

We know that the bags can be penetrated, dislodging the constituent

quarks and gluons. In high energy hadron-hadron collisions we observe "hard

scattering" events at large p T in which quarks and gluons are knocked free of

the bags, and then rehadronize and are seen as jets. The formation of quark mat-

ter in nuclear collisions is expected to occur when the energy density of bulk

nuclear matter is increased to such an extent, either by increasing the nucleon

density or by thermally producing more hadrons, that the bags begin to interpene-

trate, overlapping one another until the entire volume is filled with the sim-

ple, perturbative vacuum. The quarks are then no longer locally confined, but

are free to roam over the entire volume (Fig. II-2b). Colorless hadronic matter

has undergone a phase transition to a "color conducting" plasma of quarks and

gluons: quark matter.
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(a) (b)

Fig. II-2. Phase transition of the QCD vacuum: Ca) quarks and color fields
confined inside the observable hadrons. The confining medium
(shaded) is the ground-state vacuum, (b) At high temperature or
density the hadrons coalesce into an extended volume of confinement
containing many quarks.
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Until recently, calculations of the critical parameters for this tran-

sition have begun with the a. priori assumption of two phases, using phenomenological

models (bag models) for the hadronic phase and perturbative QCD for the deconfined

quark phase. One then parameterizes the thermodynamic behavior in both phasec

in terms of temperature, chemical potential (baryon density), volume and pressure

(energy density) and interprets the parameters at which the two pictures merge

as being the critical parameters for a phase transition. The phase transition

is thus obtained by construction. These calculations give self-consistent results,

and lead to rather confident predictions that a (first-order) phase transition

should occur in the range of temperatures and densities indicated in Fig. II-l,

3
corresponding to an energy density e = 0.5 - 1 GeV/fm .

During the past three or four years these results have been reinforced

by studies of the phase structure of QCD using the calculational techniques of

9 10
lattice gauge theory. ' Here one is able to derive both the critical behavior

and the limiting phases from a single fundamental description. Figure II-3

shows one such result, the energy density of an SU(2) Yang-Mills system evalua-

ted on a space-time lattice and normalized to the value for an ideal gas, as a

function of the temperature. The phase transition is dramatically evident, in
i,

this case corresponding to a noninteracting gas of gluons at high temperature,

freezing into hadrons (glueballs) at a temperature T_ = 200 MeV.

The concept of the QCD vacuum state as a complex physical medium em-

braces the notion of a medium whose properties provide the origin for the

breaking of certain symmetries in particle physics, despite the fact that the

fundamental laws are symmetric. One such example is chiral symmetry, whose spon-

taneous breaking gives rise to the IT meson and pionic resonances of non-zero
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Fig. II-3. Energy density of the Yang-Mills system for SU(2) color group, as a
function of the temperature. Monte Carlo techniques are used to
evaluate the partition function on a finite space-time lattice;
hence the calculation appears as discrete points with statistical
errors. The energy density £ is normalized to the ideal Stephan-
Boltzmatin gas form esB calculated on the same lattice. The lattice
scale, AL, is approximately equal to 5 MeV. (Ref. 10).
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mass. In the deconfined phase it follows from the asymptotic freedom of QCD

that chiral symmetry should be restored. Figure II-4 shows a lattice-gauge the-

ory calculation in which a second phase transition occurs corresponding to the

restoration of chiral symmetry. This calculation indicates that both phase tran-

sitions occur at the same point, and both are first-order.

Rapid progress is being made to extend and improve such

calculations. The inclusion of dynamical quarks does not appear to alter the

12
critical parameters significantly and there is a broad consensus among the

practitioners that a color deconfining phase transition at T c - 200 MeV and

energy densities in the range . 5 - 1 GeV/fm is a firm prediction of the

thermodynamics of finite temperature QCD.

If QCD is a correct description of the interaction dynamics, the param-

eters of a deconfining phase transition appear to be well constrained. The

indicated temperatures and energy densities should be accessible to laboratory

measurements in high energy collisions of heavy nuclei, a matter we take up in

the following section.

II.3. Characteristics of High Energy Nucleus-Nucleus Collisions:

Energy Deposition and Thermalization

The belief that a thermodynamic environment capable of developing the

quark-gluon plasma is achievable in high energy collisions is based on estimates

of energy densities and characteristic space-time volumes as a function of the

energy and mass of the colliding nuclei. These estimates follow from the

observed particle production in proton-proton and proton-nucleus collisions. The

few examples of direct observation provided by cosmic ray events give additional

input and are satisfactorily consistent with expectations. Here we sketch the

essential features of these arguments and address the question of what beam
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Fig. II-4. Lattice calculation for SU(3) gauge theory showing a coupled, first-
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and the confining force (W). (Ref. 11).
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conditions—energy and size of colliding nuclei—are required for sensitive

experiments.

The detailed manner of energy deposition in head-on (zero impact

parameter) collisions of equal mass nuclei is not known from direct measurement.

Much can be inferred, however, from what we do know of hadron-hadron and

hadron-nucleus collisions. The central concept is that of "nuclear

transparency" (or, alternatively, "nuclear stopping power"): when hadrons col-

lide at high energy they rarely bring each other to rest, instead they pass

through one another with most of the final-state energy carried by leading

particles. In nucleon-nucleus collisions the spectrum of leading baryons in the

final state gives a measure of the nuclear stopping power, and this can be re-

14

lated to the way energy is deposited in nucleus-nucleus collisions. The pic-

ture which emerges is sketched in Fig. II-5. At low energies the colliding

nuclei bring each other to rest, while at very high energies they bore through

each other, producing two hot, baryon-rich fireballs moving off in opposite di-

rections at large rapidity (the fragmentation regions), and inelastically

produced pions populating the central rapidity range. The energy at which

transparency sets in, i.e., the maximum collision energy at which the two nuclei

are (in some average sense) brought to rest, is currently estimated to be -5

GeV/nucleon in the center of mass. At this point the energy density in the frag-

mentation regions has reached its asymptotic, maximum value. An important conse-

quence of transparency is that the formation of hot nuclear matter is confined

to local regions of coordinate and momentum space. We do not expect the entire

nuclear volume to establish overall equilibrium, as in simple fireball models.

Rather, for example, we must look separately at the excitation of nuclear matter

in the central and fragmentation regions.
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INITIAL STATE BEFORE COLLISION

i/S/A£5GeV: BARYONS STOPPED IN OVER-ALL CM

AT HIGHER ENERGY,NUCLEI ARE TRANSPARENT TO EACH OTHER

NUCLEAR FRAGMENTATION
REGIONS

Fig. II-5.

CENTRAL
REGION

Schematic illustration of nuclear transparency in high energy colli-
sions at zero impact parameter.
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In the fragmentation regions compression and heating of the incident

nuclei result in large energy density at a very high density of baryons (see

trajectory sketched in Fig. II-l). For collision energies at or beyond the

threshold for transparency, the predicted value for the energy density depends

only on the size of the colliding nuclei, as shown in Fig. II-6. Energy

3 15

densities approaching 2 GeV/fm are expected for the heaviest nuclei.

At collision energies significantly beyond the threshold for transpar-

ency the central rapidity region develops as indicated in Fig. II-5, and we have

the possibility of exploring two regions of the phase diagram in Fig. II-l, with

the production of quark matter in both. The two fragmentation regions are fly-

ing u^art, carrying the net baryon density of the system with the energy density

described above. Lying between these in phase space is the central region in

which the net baryon number is small—tending to zero at very high energies—but

which has a high density of particles, mostly pions, thermally produced from the

Fermi sea ot the QCD vacuum. It is at high energy densities in this central re-

gion that we may approximate in the laboratory the strong interaction physics

that took place microseconds after the big bang.

The measured features of charged particle production in proton-proton

collisons at the CERN ISR (/s = 3 0 + 3 0 GeV) are illustrated in Fig. II-7. The

available rapidity interval (y - £n /s (GeV)) is ±4 units. Near y = 0 the

rapidity density of charged particles is -2 per unit of rapidity, of which the

net number of baryons (protons minus antiprotons) constitutes a few percent. At

this collision energy the central rapidity region extends over an interval of

±1% units. Beyond the central region one observes the fragmentation regions,

each about 2 units wide, where the density of baryons is comparable to or ex-

ceeds the pion density. At the ISR energy the width of the central region is
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Fig. II-6. Predicted energy density in the fragmentation regions as a function
of the atomic mass number (A) of the colliding nuclei (Ref. 15). The
function form is

£ = .15(2A ' -l)GeV/fm .

This result applies for zero impact parameter and collision energies
/s/A >_ 5 GeV/nucleon, corresponding to maximum baryon density.
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dN
dY

Fig. II-7. Rapidity spectrum of charged particles as measured at the CERN ISR in
30 + 30 GeV proton-proton collisions. The rapidity density is shown
for all charged particles. The shaded area shows the net density of
protons (protons minus antiprotons). Particle pairs emitted in the
central region are found to be strongly correlated—either because of
resonances or through multiperipheral dynamics—and the characteris-
tic correlation length is indicated as L .
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comparable to the correlation length, L c, characteristic of short-range

multiperipheral dynamics and the decay kinematics of low-mass resonances. Thus,

at the ISR energy a central region has just begun to develop in proton-proton

collisions.

The energy dependence of the main features of particle production in

hadron-hadron collisions is well established: as the collision energy is

increased the width of the central region grows logarithmically with energy; the

particle density in the fragmentation region remains fixed; and the density of

charged particles at y = 0 grows slowly (logarithmically) with energy. Figure

II-8, comparing data from the two CERN colliders, illustrates these trends.

We can extrapolate the proton-proton data to infer the energy density

which should be achieved in the central rapidity region for heavy ion

collisions. Here the energy density has been estimated in terms of the trans-

verse energy per unit rapidity carried by final-state particles:

e « -2^5 f l GeV/fm3 (ii-l)
_. i. IJ dy

Here E is the total energy carried by particle motion transverse to the beam mo-

tion (for particles emitted at y = 0, E T is the total energy), for colliding

nuclei of mass A, after a time T measured in fm/c.

Assuming the final pion density grows roughly in proportion with A,

and taking the energy dependence shown in Fig. II-8, we can estimate the energy

density in nuclear collisions. Figure II-9 shows the predicted E_ spectra, for

collisions of gold beams at three different energies, as given by the Monte

Carlo event generator HIJET. This program utilizes the well-established
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Fig. II-8. Measured charged particle production at the CERN ISR and SPS colliders
showing the energy dependence.
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ISAJET code for collisions at the nucleon-nucleon level, and incorporates the

stopping power results found in Refs. 14 and 15.

The simulations whose results are shown in Fig. II-9 give quantitative

detail to the general picture illustrated in Fig. II-5:

• Collisions achieved in fixed target experiments at the AGS explore high

energy densities in an environment of high baryon density. Over an available

rapidity interval of roughly ±1*5 units most of the transverse energy is

carried by baryons.

• At the energy of the SPS the rapidity range is larger by about *1 unit, and

roughly half the transverse energy is carried by baryons. (The calculations

are for gold beams, although there are presently no plans to accelerate such

heavy ions in the SPS.)

• For the colliding beams case, with 100 GeV/amu in each beam, the rapidity

range spans a full 10 units, over most of which the transverse energy carried

by baryons is only a few percent of the total.

In Fig. 11-10 we show the energy density in the central region as

given by Eq. II-l and the HIJET simulations. The energy densities are

calculated here as a function of collision energy and ion mass. Also shown are

the energy densities computed from Eq. II-l for some measured cosmic ray

19
events (which, it should be noted, involve relatively light ions).

If the heaviest nuclei are brought into collision at energies high

enough to develop a central rapidity region, we may be confident of achieving

the required conditions for a phase transition. In estimating the "correct"

energy for exploiting the central region physics we can at best identify a re-

gime in which there is a good probability for nuclear transparency—noting that

the important parameters become more favorable as the energy is increased. We
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Fig. 11-11. The kinematic landscape available to the proposed facility and some
existing machines. The outer "vee"is the phase space limit—the ra-
pidity of the incident nucleons. The inner, solid vee delineates
fragmentation regions of width Ay = 2, as observed in proton-proton
collisions. The dashed lines indicate the wider (Ay = 4) fragmenta-
tion regions—and hence narrower central region expected at a given
energy for nucleus-nucleus collisions with A = 200. The horizontal
lines indicate energies reached with the components of the AGS/RHIC
complex, as well as in the facilities which presently exist (LBL
Bevalac, Dubna Synchropasotron) and the planned oxygen and sulfur
beams in the CERN SPS.
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are not aware of sharp thresholds for this process. The estimates discussed

here all refer to averages over a range of conditions within which there will be

large fluctuations. Ideally we prefer to work with a cevitral region much wider

than that shown in Fig. II-7, so that long-range correlations are not masked by

"trivial" short-range correlations which dominate the nuc1eon-nucleon interac-

tion. On the other hand, we expect the fragmentation regions to be considerably

14broader in nuclear collisions than in the proton-proton case. Present data

indicate that the target and projectile fragments each will occupy -k units

of rapidity—leaving no room for a central region at the collision energy shown

in Fig. II-7. At 100 + 100 GeV/amu two units of rapidity are added to the avail-

able phase space in each of the fragmentation regions (compared to the ISR data),

and there is a substantial interval around y = 0 where the mean baryon

density is small compared to the pion density. We have chosen this energy as de-

sii^ble and quite feasible for the RHIC facility.

Note (Fig. II-9c) that at this high energy the presence of a small

baryon component in the central region is overwhelmed by the vastly greater number

of thermally produced particles. This is the primary motivation for going to

very high energies.

Figure 11-11 shows the range of energies and kinematic terrain covered

by the AGS and RHIC complex. Exploiting fixed target as well as collider modes,

the coverage extends from below the energies of maximum baryon density up to

and including the very high energies where cosmic ray data show spectacular

multiplicities, central region physics is accessible, and hard-scattering

phenomena (jets) stand out clearly in nuc1eon-nucleon interactions at the top

RHIC energies.
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II.4. Experiments and Detectors

An experimental program to explore all of the facets of this new phys-

ics will involve a systematic study of trany reaction properties, and detectors

sensitive to different forms of radiation which may be used to probe the nature

of matter created in the collision. Theoretical arguments point to certain

signals which should be important for observing the deconfinement phase transi-

tion and for probing new forms of matter. These are summarized in Table II-l.

They include: global characteristics of events, such as fluctuations in rapid-

ity density; new, exotic, or as yet unseen particle states; completely new forms

of measurement, such as particle interferometry, which become possible because

of the high multiplicity, many initial-state nucleons, and the large spatial ex-

tent of the interesting events. Perhaps the most important probes are those

which interact relatively weakly with nuclear matter and can bring information

directly from the interior of a plasma of quarks and gluons. These "penetrating

probes" include real photons, virtual photons seen as lepton pairs, and high mo-

mentum quarks and gluons which are ultimately observed as jets.

Assuming that interesting events are rare, the measurement strategy

will be to employ selective triggers to choose events indicative of a favorable

thermodynamic environment. A first-level selection would include a trigger on

head-on collisions (small impact parameter) with large energy deposition. Mea-

sures of the impact parameter include particle multiplicity and transverse

energy in the central rapidity region, the energy carried by fragmentation

products at very small angles relative to the beams, and photons which are

coherently produced when nucleons are accelerated during the collision. One

can then be more selective in characterizing the matter thus created in terms

of particle multiplicity, energy and momentum flow, and temperature and volume
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TABLE I L L EXPERIMENTAL PROBES FOR NEW STATES OF MATTER.

SIGNAL

INCLUSIVE PARTICLE
SPECTRA
PARTICLE
INTERFEROMETRY

MULTI-PARTICLE
CORRELATIONS IN
RAPIDITY; ENERGY FLOW

LOCAL CHARGE
CORRELATIONS

PARTICLE FLAVOR RATIOS

STABLE MULTIQUARK
STATES

DIRECT PHOTON
PRODUCTION (mT = pT)

LEPTON PAIR
PRODUCTION
(VIRTUAL PHOTON:

HIGH-p T JETS

COMMENTS

INDICATORS OF TEMPERATURE, SIZE AND DENSITY

LONG RANGE CORRELATIONS AND MACROSCOPIC
FLUCTUATIONS CHARACTERISTIC OF FIRST-ORDER
PHASE TRANSITION

COLOR SCREENING EFFECTS IN PLASMA DIFFERENT
FROM NORMAL PAIR PRODUCTION BY VACUUM
POLARIZATION

CHEMICAL EQUILIBRIUM IN HOT PLASMA GIVES A
LARGE NUMBER OF STRANGE PARTICLES AND
ENHANCED A /p RATIO

6-QUARK AND HIGHER CONFIGURATIONS READILY
ASSEMBLED IN THE PLASMA

mT£ 50 MeV: COHERENT EMISSION FROM LOCAL
CHARGE FLUCTUATIONS

5 0 S m T S 500 MeV: HADRONIC DECAYS; SOME
COHERENT EFFECTS

500SmT S 3 GeV: DIRECT EMISSION FROM PLASMA

m T 5 3 GeV: APPROACH TO EQUILIBRIUM;STRUCTURE
FUNCTIONS OF QUARKS AND GLUONS
CHANGE AND ARE COMPUTABLE IN
PERTURBATIVE OCD

MEASURES PROPAGATION OF QUARKS AND GLUONS
THROUGH NUCLEAR MATTER; HADRONIZATION
PROPERTIES REFLECT THE "REAL SEA" OF
QUARK-GLUONPLASMA

GLOBAL EVENT
PARAMETERS

INDICATORS OF A
PHASE TRANSITION

PENETRATING PROBES:
DIRECT INFORMATION
FROM THE PLASMA
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indicators in various kinematic regions. Triggers yet further refined, as a

second level, would then be brought to bear on specific signatures and probes

such as are listed in Table II-l.

This approach implies a measurement capability similar to that which

exists in spectrometers for high energy elementary particle experiments. The

design of instrumentation for experiments with ultra-relativistic nuclear beams

has been the subject of extensive workshop activity (see Refs. 1-5). These dis-

cussions have included large, general purpose facilities as well as smaller,

more specialised detector systems. Figure II-12a sketches the geometry and kine-

matics of a large solid angle detector, designed for use with colliding beams

and having tracking and calorimetry in the central rapidity region and at for-

ward angles. A real detector system might have more limited solid angle cover-

age. Note (see Fig. II-9) that the number of particles in each of the indicated

rapidity intervals is expected to be many hundreds.

Figure II-12b shows the same detector configuration being used in a

fixed target mode, with only one of the collider beams accelerated and striking

20
a thin target, for example a gas jet. Gas jets b,ave been employed as internal

targets in many accelerator experiments. Operation in the fixed target mode—

utilizing, if need be, the same detectors as in the the Collider mode—allows ex-

periments with good luminosity in the range of energies above that of the AGS

fixed-target experiments where the collider luminosities would be unacceptably

small (Fig. 1-3). This mode of fixed target operation would not, of course, re-

quire the additional expense of external beamlines, and provides in a natural

way (as does collider operation) the extremely thin targets which are crucial

for nuclear beam experiments and difficult to realize in conventional fixed tar-

get operation with external beams.
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Fig. 11-12. (a) Schematic layout showing the geometry and kinematics of a detec-
tor system for colliding beams experiments. The angular intervals
corresponding to various rapidity (y) value are indicated. A full
solid-angle detector would have the same coverage on either side of
y = 0; this illustration shows coverage of the central region and
one of the fragmentation regions.

Y=-l

m

Cb) The same detector system, with kinematics of fixed target opera-
tion. Here, a single beam at 100 GeV/amu strikes a thin («/* 10~*
g cm~2) integral target.
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The required detector technology for tracking, particle identification

and fast trigger decisions has a great deal in common with components of high

energy physics experiments, but there are important differences. The most strik-

ing is the extraordinary large particle multiplicities which experiments must

deal with in nucleus-nucleus collisions (Fig. II-9). Interesting events

(central collisions, large energy deposition) will have particle multiplicities

larger by at least an order of magnitude than those presently encountered in

high energy collisions of elementary particles, and for many of the measurements

it will be desirable to resolve individual tracks. Tracking detectors capable

of resolving V.igh densities of tracks are not unfamiliar. Advanced three dimen-

sional tracking detectors, some examples of which are being prepared for LEP

experiments, are designed to deal with track densities as high as 1000/steradian

as seen in high-PT jets. Highly segmented calorimeter systems developed for

high energy physics experiments are quite capable of performing precise energy

flow measurements in the RHIC experimental environment.

A detailed evaluation of conceptual designs for experiments which

could comprise a first-round research program for RHIC was the subject of a re-

cent workshop (Ref. 5) which focused on specific experiments and physics prob-

lems for a heavy ion collider. Each of these detector systems emphasizes a par-

ticular kind of measurement and has been developed into a complete design,

including cost estimates, in order to understand the requirements imposed by

physics, collider parameters, and detector technology.

One of these designs, a calorimeter-based experiment with multiple

small-aperture spectrometers21'22 is illustrated in Figs. 11-13 and 11-14. The

full-solid-angle calorimeter gives energy and angular resolution for energy flow

measurements in high multiplicity events, and for observing jets and jet-like
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rapidity fluctuations from plasma excitations. The depth of this calorimeter

does not have to be very large, because the energy is carried by numerous parti-

cles of moderate energy, and leakage of a few percent has little effect. This

device is well-suited for accurate and sensitive measurements of the transverse

energy (E ) spectrum in different rapidity regions, and a search for localized

structures in the energy flow produced with very low cross sections. The

emphasis is on large energy deposits, and the design takes advantage of this

fact to produce an economical and compact device.

This instrument would also provide a facility for a number of indepen-

dent experiments on the detailed properties of the high energy density events by

observing particles through small apertures, or "ports" provided in the

calorimeter. The calorimeter then selects events with large or specially

configured energy flow and gives a complete map of the flow over all angles,

while the several instrumented ports provide detailed measurements on individual

particles. The particle multiplicities at RHIC are so very high that a small

aperture, i.e., one which is small enough not to distort the measurement of

energy flow, still transmits a large number of particles. Individual events may

be statistically characterized by features of particle spectra or quantum

numbers, while the number of particles in the spectrometers is kept small enough

(e.g., j* 50) as to be manageable with conventional tracking and data analysis

techniques.

Figure 11-14 shows a design for one of these port spectrometers. It

has a dipole magnet external to the calorimeter, and utilizes a time projection

chamber (TPC) and drift chambers (DC) for particle tracking, with ring imaging

Cerenkov counter (RICH) and time-of-flight (TOF) measurements for particle iden-

tification. The calorimeter facility could include several port spectrometers
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Fig. 11-13.

CALORIMETER
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(a) The concept for a 4rr calorimeter system with small aperture
ports which may be instrumented with special-purpose spectrometers.
Some of the ports are long, narrow slits. (In this illustration
all of the ports are shown in the plane of the cross section, which
overemphasizes their total solid angle. In fact, £ 95% of the
solid angle is covered by calorimeter) (Ref. 21).
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Fig. 11-13. (b) A realization of this calorimeter system using modular devices
based on existing detectors. The central part has 4 walls for com-
plete azimuthal coverage; two of the wails are omitted from the draw-
ing for clarity (Ref. 22).
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Fig. 11-14. A "Port" spectrometer for the calorimeter system, covering 10c in 9
and <!> at y = 0 (Ref. 22).

49



which might range in scale from quite a small effort to that of a medium-sized

experiment. A' well thought out plan for data acquisition is clearly required.

Figure 11-15 shows a detector system for measurement of muon pairs in

21 23
high E T events, ' an experiment which could play the crucial role of studying

directly the radiation of virtual photons from quark-antiquark annihilation in

the plasma. The problem of U+u~ measurement at RHIC is rather different from

that at other collider experiments. The main region of interest, as indicated

in Table II-l, is for nvp = (m^ + p 2 * ) 1 ^ ~ i"20 GeV. The production of J/ty,

T, and {at the level of a few events per year) Z states should also be studied

as high mass points for the spectrum of elementary interactions. The main crite-

rion for the design of this experiment is rapid absorption of the large number

of pions, whose decay would otherwise yield a disasterous background of muons.

This calls for a special beam pipe allowing high density absorber as close as

possible to the collision point. This absorber provides calorimetric energy

flow information. The muon momentum is measured with the aid of toroidal mag-

netic fields beyond the compact first absorber-calorimeter. In Fig. 11-15, the

central region of ±2 rapidity units is covered by uranium absorber instrumented

as a calorimeter with liquid argon as the active readout element. The inner

surface of this absorber is as close as possible to the beam axis. Following

the absorber is a set of iron toroids interleaved with planes of proportional

drift tubes for measuring the muon's direction and momentum. At forward angles

(2 < y < 3) the attempt is made to reduce multiple scattering and thereby to mea-

sure to lower values of m^,. This is accomplished by using an aluminum absorber

(larger ratio of radiation length to absorption length) and an air-core magnet

system. The aluminum is also an active calorimeter with liquid argon readout.

This design provides sufficient background rejection to observe dimuons in the
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Hodoscopes

-Prop Drift Tubes

Iron Muon Filter

Fig. 11-15. Plan view of a muon pair spectrometer for BHIC. The drawing shows
one half of the detector, which is symmetric about the intersection
point (Ref. 23).
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high multiplicity environment of RHIC while at the same time reaching to trans-

verse masses low enough to be interesting tor the study of a quark-gluon plasma.

The mass resolution as a function of rapidity is shown in Fig. 11-16.

Both of the detector systems described above avoid the problem of indi-

vidually resolving a large fraction of the thousands of particles which can be

expected in a single event with large energy deposition in the colliding nuclei.

Many interesting measurements could, nonetheless, be carried out with a large

solid angle "visual" detector capable of recording a very large number of

charged tracks. Tracking detectors capable of resolving high densitiss of

tracks have been developed for high energy physics experiments, and feasible de-

signs have been studied which employ three dimensional tracking detectors in

large aperture magnetic spectrometers covering the central rapidity range at

RHIC.24

Measurements in the fragmentation region (y ̂  3) are more difficult,

but it will be important to have experimental access to the very small scatter-

ing angles where the net baryon density is large, and where exotic nuclear

states may be found. The requirements for a spectrometer covering the momentum

range 5 < p < 150 GeV/c at small angles in a hadron collider are not much differ-

ent from those of fixed target experiments at the CERN SPS or Fermilab acceler-

ators. At the collider, however, there is the additional constraint that the

spectrometer must fit within the machine lattice. One solution which has been

given detailed examination is illustrated in Fig. 11-17. Here the machine inser-

tion magnet BC1 (see Section IV-2) is replaced by a special, long, large

aperture superconducting spectrometer magnet (called "L4"). This magnet would

be 10 m long, with a field strength of 1.8 Tesla. It would have a vertical gap

of about 1 m, and a horizontal gap somewhat larger. Ports are provided in the
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BC2

(a) Perspective view showing the long dipole magnet L4 in the place
of BC1 in the machine insertion lat t ice.

27 m

10m

INTERSECT

E
CM

NEGATIVE PARTICLES

BC2

POSITIVE
l 2 PARTICLES

r
(b) View of L4 in the narrow angle hall at RHIC. Trajectories are
shown for particles of the indicated momenta (GeV/c), produced at 0
in the collision, exiting the side ports of the magnet.

Fig. 11-17. Forward spectrometer magnet for experiments in the fragmentation re-
gion (Ref. 25.)
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sides of the magnet to allow low momentum particles to exit into external

spectrometers. The total multiplicity at the entrance of the magnet is very

high (about 1000 charged" particles for Au + Au at 100 GeV/A), but the particle

density is reduced to manageable levels by the natural divergence and the momen-

tum dispersion within the magnet.

A representative estimate of the costs for a first-round complement of

detectors for RHIC, including the experiments described above, is summarized in

Sec. VI.6. The total cost for all detectors, as estimated at the workshop of

Ref. 5, is $53M (FY 85).

For the most massive ions (A j* 200) the nuclear interaction cross

23
section is ̂ 10 barns. This means that a machine with luminosity L = 10

—2 —1
cm sec would provide an interaction rate of 1 event/sec. This is already a

vast improvement over the present rate of accumulation for high energy cosmic

19
ray events («̂ 12 events/year for the JACEE experiment), but would not allow

24 -2 -1
much flexibility of trigger selection. At L = 10 cm sec we have available

one head-on collision per second. With L ^ 10 cm sec quite sensitive ex-

periments become possible. An upper limit of useable luminosity (again, for the

29 —2 —1
heaviest ions) is probably in the range L = 10 cm sec , where the detectors

become exposed to a flux of particles > 10 sec ster . The design luminosity

for the proposed facility is £ 10 cm sec for Au beams at 100 GeV/amu and

is significantly higher for lighter ions. The luminosity over the full range

of energies is shown in Fig. 1-3, which includes the performance for fixed target

operation in AGS and RHIC.

At che very highest energies, and at luminosities 5* 10 cm sec , a

new and potentially very powerful probe of nuclear matter becomes accessible in

the form of large transverse momentum jets which are the hadronization products
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of a pair of partons which have suffered a hard scattering event within the

plasma volume. The properties of such jets may be substantially different from

those of "ordinary" hadronic jets observed at large transverse momentum in pp

and pp collisions. High energy quarks and gluons traversing the plasma may,

for example, suffer energy loss comparable to the initial transverse momentum,

giving rise to a momentum imbalance in the observed jet pair which is not seen

in pp collisions.

To do these experiments we must detect jets. Unlike most of the possi-

ble probes of a quark-gluon plasma, which involve detection of soft particles

among the very high multiplicity background, these measurements allow for very

selective calorimetric triggers on local transverse energy deposition. The back-

grounds are high, however; we expect ̂  800 charged and neutral particles per unit

rapidity near y = 0, each carrying *r 0.4 GeV of transverse energy. Jets will

have to be observed above a soft background corresponding to J1 320 GeV of trans-

verse energy per unit rapidity. The amount of this energy in a cone the size of

a jet, say Ay = 1 and A<|> = 45 , determines the minimum p- of an observable jet:

dE

d 1 ̂  £ = 4°
To estimate the rate for observing jets we take the cross section for pp colli-

2
sions and assume this scales as A (summing over all collisions, central and non-

27
central). The result for beams of mass A = 200 are shown in Fig. 11-18 as

a function of the collision energy, for three different p™ thresholds, with

27 -2 -i
a luminosity of 10 cm sec . It will be seen that the requirement of

P T > 40 GeV/c is met for collision energies /s/A £ 150 GeV/amu, and the

yields increase very rapidly at higher energies. At /s/A = 200 GeV/amu, the

RHIC design energy, we expect substantial yields of observable jets up to

transverse momenta of «/" 60 GeV/c.
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Fig. 11-18. The estimated rates for observing jets at large transverse momen-
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for three different threshold values of px are shown.
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In addition to operating as a collider, RHIC can be operated with one

beam and a fixed internal target, thus covering the energy range from the AGS to

7+7 GeV/amu. As it may be that the maximum baryon density is obtained in the

energy range covered by the fixed target mode, it is important to ensure inter-

nal targets can be accommodated. These targets must provide sufficient luminos-

ity and yet not result in a short beam lifetime. Gas jet targets must not raise

the pressure in the beam pipe much over the design value of 10 Torr, although

a pressure bump of a factor of 100 localized over 1 m would raise the average

pressure in RHIC by only 2.6% with a similar small decrease in beam lifetime.

Such target densities can easily be obtained using gas jet targets, notably of

the cluster type, without significant disturbance of the accelerator vacuum.

Gas jet targets are possible only for a limited range of target

nuclei. To use other nuclei, foils, wires and pellets have been considered.

Metal vapors could also be used; e.g., by heating a small ball of the target ma-

terial located just below the beam axis. A pellet of diameter lOU would give

rates similar to gas jets with the advantage of excellent vertex localization,

provided only one was in the beam at a given time, and would open the possibil-

ity to vary the target material almost at will. For example, a lQi diameter

197 *

sphere of gold in a 100 GeV/amu Au beam at RHIC, with 3 = 100 m, would give

a luminosity of 4.2 x 10 cm sec , and would have a 1/e-time of 2.3 x 10

sec (6.4 hours) at the start of a fill. Passing the spheres one at a time

through the beam and using a laser to tag them would serve to localize the event

vertex to 10U. Development work on sizing and supplying the pellets one at a

time would be needed.
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As an alternative to small pellets, wires placed off-center could be

used by employing various sweeping techniques to drive the beam slowly onto the

wire. These could include: rf noise on a regular cavity; "micro" moving rf

buckets (a small rf stacking bucket coming down); and resonant, or better,

stochastic extraction via noise on a betatron kicker. The experience at LEAR

on stochastic extraction provides plenty of guidance.

It appears that a flexible internal target arrangement is feasible.

Development work is needed for any of the jbove options, but should not present

any insurmountable difficulties. High luminosities are possible and lifetimes

of several hours can be obtained with no difficulties.
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III. INJECTOR

III.l. The Tandem Van de Graaff

The acceleration of heavy ion beams will be started using two large

existing Tandem Van de Graaff accelerators. The construction of a transfer line

from the Tandem to the AGS, located in a 2000 ft. long tunnel, has been

completed. It will allow heavy ion beams to be injected into the AGS beginning

in FY 86. Upon completion of the Booster synchrotron in FY 89, beams from the

Tandem will be injected into the Booster, which in turn accelerates them and

transfers them to the AGS.

A Tandem Van de Graaff accelerator is an attractive choice for

injecting heavy ions into a synchrotron. Electrostatic acceleration of the ini-

tially very slow heavy ions to kinetic energies of 1 MeV/amu or higher is

readily achieved, the ion source is conveniently located close to ground poten-

tial, and a wide variety of negative heavy ions is available. Other important

advantages are related to the excellent beam quality and stability. The trans-

verse emittance at the exit of the accelerator is better than ITT mm'mrad and the

energy stability is one part in 10 .

The usual heavy ion DC beam intensities injected into Tandems are lim-

ited to a few \ik which would not be sufficient for 8HIC injection. The limita-

tion arises mainly from the charging and voltage division systems of the acceler-

ator; but also, until recently the available ion-source outputs were not much

larger. The ion source limitation has recently been removed through the develop-

ment by Roy Middleton (University of Pennsylvania) of a new type of sputter

source which produces 200 yA of many negative ion species. A pulsed mode of

operating this source has been developed at Brookhaven, showing that ten 300

lisec long pulses per second could be injected at maximum intensity without any
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adverse effects on the performance or stability of the accelerator. The inter-

electrode and terminal-to-ground capacitances are large enough to maintain the

voltages nearly constant during the short beam bursts irrespective of charging

or voltage distribution systems, as long as the average intensities are low. The

-3 -5

duty factor was 3x10 during these tests and will be much smaller (^8x10 ) dur-

ing RHIC injection.

Recent work has demonstrated that the source can be made to yield

over 500 pA of beam for light ions such as carbon in a reproducible manner. Cur-

rents up to 800 UA have been observed. This is important for light ion injec-

tion into the Booster ring where the space charge limit is not reached for

source currents of 100 PA; improved fixed target performance for the AGS program

will also result. These increased currents can be used either to decrease the

number of turns to be injected into the Booster (which simplifies the injection

procedure) or to increase the collider luminosity. The latter would require

running at larger values of beam-beam tune shift.

The Brookhaven Tandem Van de Graaff facility consists of two improved

model MP accelerators. One of these machines has been upgraded to operate at

a terminal voltage of about 16 MV. Improvements have been made, notably, adding

an intershield which will increase this value by another ona or two MV. More

importantly, the reliability at lower voltages, which at present is about 90%,

will be improved even further. Using the other Tandem Van de Graaff as an alter-

nate injector (see Fig. III-l) will provide an additional degree of operational

reliability. This is especially desirable in view of the relatively long turn-

around and conditioning times associated with accelerator repairs.

Table III-l shows the Tandem operation parameters for a high voltage

terminal potential of 15 MV. S and 0_ are the stripping efficiency and most
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Table I I I - l . Tandem Operation Parameters

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

°T

+1

+5

+9

+11

+13

+13

7 T

70

39

36

27

20

19

Kinetic Energy
MeV/amu

15.0

7.5

4.7

2.9

1.65

1.0

1

0.

0.

0.

0.

0.

0.

1768

1262

1002

0782

0595

0463

°F

+1

+6

+14

+21

+29

+33

7F

100

90

40

27

20

17

Current*
particle-liA

525**

82

20

11

6

5

75% transmission efficiency, 200 yA source current .
**Requires source development.

BEAM TRANSFER LINE

ANALYZING AND
CHARGE SELECTING MAGNETS-

ALTERNATE INJECTOR-

MP6

NEGATIVE ION
SOURCE

HIGH VOLTAGE
TERMINAL (15 MV)

STRIPPING
FOILS

Fig. I I I - l . Arrangement of the two model MP Tandem Van de Graaff
accelerators , showing al ternat ive heavy ion beams entering
transfer line to the AGS and Booster.
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probable charge state after the negative ions have been accelerated to the high

voltage terminal and stripped in a thin carbon foi l . The ions leave the acceler-

ator with an energy (1 + QT) x 15 MeV. A second stripping foil is located at a

low beta region following the f irst 90° analyzing magnet (Fig. I I I - l ) and the

second 90° magnet selects the charge state (L, to be transported to the

synchrotron. S_, is the stripping efficiency of this target.
2

The second stripping target would be a 20 jig/cm thick carbon foil for

gold. The rms scattering angle for gold ions after traversing the foil is

expected to be about 1.9 mrad. This will produce an emittance growth of about

lir mm»mrad and the total value should then not exceed 2IT mm»mrad for any of the

species taken into consideration. Figure III-2 is a functional diagram of the

Tandem area.

In traversing the stripping target there is also an energy loss. The

largest loss, again for gold, is about 9 keV/amu. An energy spread is also

introduced with an rms value typically one-tenth of the energy loss. Although

the energy loss is not significant, the spread in energy is rather important.

For gold i t amounts to an rms momentum spread (at injection into the Booster) of

Ap/p = ±0.05%. The longitudinal area for this debunched beam coasting into the

Booster is then 0.065 eV»sec/amu. For lighter ions these values are smaller.

The details of the transfer line between the Tandem and the Booster

(through the AGS) are given in Fig. I I I -3.
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TANDEM VAN DE GRAAFF

GROUND — STRIPPING TARGET NO. I

^STRIPPING
| TARGET NO. 2

+ I5MV GROUND

NEGATIVE ION SOURCE (Q =-I)

FINAL KINETIC ENERGY (TWO-STAGE MODE)
= !5MeV + QT l5MeV

Fig. III-2. Tandem Van de Graaff with stripping targets.
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COLLIDER

HEAVY ION
TRANSFER TUNNEL

TANDEM VAN DE GRAAFF
HEAVY ION SOURCE

Fig. III-3. Injection system for Collider.
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III.2. The Booster

Extension of the heavy ion mass range beyond sulfur available from the

AGS will be made possible by the proposed Booster. The circumference of this

ring is one quarter of the AGS circumference to allow efficient, synchronous

bucket-to-bucket transfer of beam from the Booster to the AGS. Protons can be

accelerated to 1 GeV at a repetition rate of 10 Hz (the AGS Linac repetition

rate), heavy ions to a magnetic rigidity BP = 16.7 T'm at a 1 Hz repetitiv

rate. The major parameters of the Booster are listed in Table III-2. The

location for the Booster ring is between the existing 200 MeV Linac and

the structure which housed the original AGS 50 MeV Linac Injector, as shown in

Fig. III-4. Heavy ions from the BNL Tandem Van de Graaff will be transported

along tha AGS tunnel to the L20 conjunction area. At this point, the beam will

enter the 50 MeV Linac building, where it will be injected into the Booster

ring. Ejection from the Booster ring would be into the injection tunnel

previously used by the 50 MeV Linac.

The lattice chosen is a FODO arrangement with bending magnets missing

from every other cell. This lattice configuration allows a great deal of flexi-

bility, as well as simplicity. The amplitude and dispersion functions of the

lattice are shown in Fig. III-5 and the major lattice and magnet parameters are

listed in Table III-2.

The betatron acceptance of the Booster is assumed to be 50^ mm*mrad in

both planes. It could be larger in the horizontal plane, but very likely the

extra amount is not useful because of possible linear and nonlinear coupling be-

tween the two modes of oscillations which cannot be avoided.
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Fig. III-4. Layout of proposed Booster ring.
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Table III-2. Booster Parameter List

Injection energy,

Top energy, Au+33

Bp

Circumference

Periodicity

Number of FODO cells

Cell length

Phase advance/cell

Tune, horizontal & vertical

Beta, maximum/minimum

Dispersion, maximum

Transistion energy, Y T

Betatron acceptance

Dipole field

Dipole length

Dipole gap

Number of dipoles

Number of quadrupoles

Quadrupole length

Quadrupole bore radius

Peak rf voltage, h = 1

rf frequency, h = 1

rf frequency, h = 3

Repetition rate

Vacuum, N2 equivalent

1 MeV/amu

321 MeV/amu

16.668 T»m

201.75 m

6

24

8.41 m

71°

4.75

14.5/3.7 m

2.3 m

4.5

50JT mm'rad

1.2 T

2.4 m

8.26 cm

36

48

0.5 m

8.26 cm

15 kV

71-200 kHz

200-995 kHz

10-10 Torr
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The beam is injected horizontally into the Booster and stacked in

betatron phase space by filling the machine circumference with the beam pulse

for some number of consecutive turns, if necessary with the help of vertical

steering devices. This injection process can fill up the available acceptance

and will determine the emittance, e, of the beam. The space charge forces limit

the maximum number N g c of particles that can be injected according to the for-

mula

NSC 2 3 4 Bf A

3 r o F QF

0
4 6 8 10 12 14 16

DISTANCE (m)

Fig. III-5. Lattice Functions for Booster.
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where B f is the bunching factor, defined as the ratio of the average current to

the peak current, Av is the maximum allowable tune shift, A the mass number, Q^

—18
the charge state, r = 1.535x10 m the classical proton radius, and F a form

factor that for B « 1 is close to 1.

There is some uncertainty in the value to assign to B, and Av. A

bunching factor of 0.5 and a conservative maximum allowable tune shift of Av -

0.1 are assumed. The bunching factor of 0.5 corresponds to the rf capture pro-

cess at injection and to the early stage of acceleration in the Booster. As the

beam velocity increases during acceleration the bunching factor can be lowered

correspondingly.

For heavy ion BHIC operation, the Booster will have an rf system with

h = 1, leading to single bunches with Ng = NgC particles per bunch. The bunch

created in the Booster remains intact during the AGS acceleration and transfer

into the collider. Since the maximum collider luminosity for head-on collisions

2
is proportional to Ng/e

N» i
fc i-s essential to get the largest density, KB/

e«>

and the largest number, Ng, of particles in the Booster. The invariant

"normalized" emittance £„ is related to the actual emittance by £„ = (3Y)e.

Raising the booster injection energy is thus a direct way of increasing the lu-

minosity if space charge is a limit.

The different species are injected into the Booster with no further

stripping; that is, with the charge state Q-, as shown in Table III-l. Table

III-3 gives the maximum number NgC of particles that can be injected with the

corresponding normalized emittance e^, as well as the revolution period T and

the number Ng of particles with n = 8 turns injected, assuming the beam current

values given in Table III-l. The largest number of turns that can be effi-

ciently injected in one plane is taken here to be equivalent to 8, this
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Table III-3. Beam Intensity, Emittance at Injection
into the Booster

Element

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

(IT mm'mrad)

8.8

6.3

6.0

3.9

3.0

2.3

T/rev
(llsec)

3.81

5.33

6.72

8.60

11.31

14.53

V
xlO9.

100.0

22.0

6.7

4.7

3.4

3.6

Nsc**

xlO9

438.0

37.0

11.0

5.5

3.2 |

2.2 |

*With 8-turn injection
**at Av = .1

corresponds to a dilution factor as large as 6.25. By inspecting Table III-3 it

can be seen that the beam intensity is limited by the Tandem currents for the

lighter ions up to copper. Clearly, for iodine and gold there is a space charge

limitation. The particle numbers in the dashed squares are those proposed for

estimating the collider performance. For gold, only 4 or 5 turns are required

to be injected.

As noted in the section on the Tandem (III.1), recent improvements in

12
ion source currents for light ions such as C could increase the numbers of

ions in a Booster bunch by a factor of three. This would require running with

larger space charge tune shifts, an option which will have to be tested once the

Booster is completed.

The beam is captured at injection by an rf system of harmonic number

h = 1, so that only one bunch is produced and all the particles given in Table
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III-3 are in this bunch. Adiabatic capture of the gold beam of momentum spread

Ap/p = ±0.11% will take a few tens of milliseconds. The rf voltage will be

turned on adiabatically to a final value of 0.9 kV producing a bucket area of

^0.26 eV*sec/amu in 6 msec. To avoid further dilution, this bucket area is

preserved as much as possible during the early stage of the acceleration cycle.

The beginning and ending portions of the magnet ramp are made parabolic in time.

The main portion of the ramp is kept linear to reduce the total voltage needed

from the rf system, which must begin operation at low frequency (71 kHz). In

the middle of the cycle a maximum voltage of 12.5 kV is required. Toward the

end of the acceleration, the bunch is made short enough to match the length of

the rf buckets in the AGS. The expected rms bunch length at ejection from the

Booster is as short as 20 nsec. The acceleration period is taken to be 0.6 sec

for gold and the overall repetition rate 0.8 Hz.

A top field of 12 kG produces a maximum kinetic energy of 321 MeV/amu

for gold which corresponds to 3y = 0.898. To minimize the amount of rf fre-

quency swing i t is sufficient to accelerate the lighter ions to the same

value which corresponds to the full acceleration for gold. In this case, the

required frequency swing covers the range of B-values from 0.046 to 0.669 which

corresponds to 69-995 kHz. Note that the ion beam will never have to cross the

Booster transition energy during i ts acceleration.

An engineering design of a low frequency rf cavity to operate at 69-

200 kHz, as required for h = 1 acceleration of Au, has been carried out. It ap-

pears possible to build a cavity, about 1.5 m long, with acceptable ferrite

power dissipation and low impedance presented to the beam. A second cavity will

cover the 200-995 kHz range.
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A vacuum of 10" Torr seems adequate for the survival of essentially

all of the beam against electron capture or other loss processes during the ac-

celeration cycle. The beam losses would be about 2% for the heaviest ions, and

less than 1% for A < 100.

After extraction from the Booster and on their way to the AGS, the

ions pass through one more stripping target. The ions injected into the AGS are

here completely stripped. Beam losses of 50% for gold, 20% for iodine and 5%

for copper and sulfur are expected. Carbon and deuterium are already completely

stripped at injection into the Booster.

This last stripping is accomplished with a foil of copper that, for

2
gold, is 70 mg/cm thick. The rms scattering angle associated with this target

is 0.7 mrad for gold. If one does not allow more than ITT mm'mrad increases in

emittance, the stripper foil must be installed in a location where the lattice

beta function does not exceed 2 m in both planes. This condition is accom-

plished using two pairs of quadrupole doublets.

The energy loss associated with this target is 5 MeV/amu and the

resulting energy spread (rms) is 0.5 MeV/amu. To minimize the increase of the

longitudinal bunch area: it is important that the beam is as tightly bunched as

possible when crossing the target. For instance, provided that the beam has

preserved its original bunch area of 0.2 eV*sec/amu, an rms bunch length of

20 nsec would imply an energy spread in the beam of 0.5 MeV/amu (rms) which is

comparable to the spread introduced by hitting the target. Therefore an

appreciable increase in the bunch area cannot be avoided. However, some in-

crease in bunch area is in any case necessary for the later injection into RHIC.
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III-3. The AGS

The major parameters of the AGS are given in Table III-4. Since the

injection energy is 321 MeV/amu and the ions are completely stripped, there is

no requirement for improvement in either the vacuum or tha rf system. The accel-

erator, as it is, is well-suited for the acceleration of the ions to the maximum

energy. With the present vacuum of 10 Torr the beam losses, mostly due to the

electron capture process, would be less than 3% for heavy ions and less than 1%

for A < 100.

The scenario proposed is the transfer of one bunch at a time from the

Booster to the AGS, acceleration to the top energy and then transfer to the

collider. The AGS cycle rate is taken to be 0.8 Hz. The transfer line between

the Booster and the AGS is shown in Fig. III-4.

Table I1I-4. AGS Parameters

Circumference 807.11 m

Periodicity 12

Betatron Tunes, horizontal & vertical ^8.7

Transition Energy, Y~ 8.5

Betatron Acceptance *r-> : nmfmrad

Injection Energy, p 200 MeV

Ejection Energy, p @ y = 31A 28.5 GeV

rf Frequency 2.5-4.457 MHz

Harmonic Number, h 12

Peak rf Voltage 300 kV

Magnetic Rigidity, Bp at extraction 96.5 T*m
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Taking into account the increase in the beam emittance due to the

final stripping, and with 3y = 0.898, at transfer, the emittance values given in

Table III-3 nre just about those the beam would have when injected into the AGS.

These emittances are considerably smaller than the ring betatron acceptance.

There is some uncertainty in the value to assign to the longitudinal

emittance of the AGS bunch. The values which correspond to injection into the

Booster are small, less than 0.07 eV'sec/amu, but there will be some dilution

during the capture process and the acceleration cycle. A realistic estimate for

the beam at the exit of Booster is 0.3 eV*sec/amu, including dilution during

Booster acceleration and the energy spread from the last stripping target

located between the Booster and the AGS-. No additional dilution is expected in

the AGS, and this figure is used as input to the design of the collider. Dilu-

tion ' i the AGS would be expected at injection when the rf buckets are smallest.

However, if a constant voltage of 300 kV is assumed, the single bucket area for

<j) = 0° at injection is not less than 1.1 eV'sec/amu. The rf phase can then be
s

moved to <t> = 30 , its usual value, after a short period of acceleration durings

which a bunch-to-bucket ratio of 0.7 or less is maintained. At the end of the

acceleration in the AGS, the ion bunch is tailored so that it will fit within

one of the rf buckets in the collider. For this purpose a final total bunch

length of 17 nsec is taken.
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IV. COLLIDER

IV.1. General Parameters

The availability of the CBA tunnel and experimental buildings for the

collider represents a unique opportunity to construct the new machine at minimal

cost. The constraints imposed by existing structures are minimal and in no way

limit the performance potential of the collider.

The collider design relies on the existing Tandem Van de Graaff, a

proposed Booster synchrotron and the AGS, as discussed above. The two transfer

lines connecting t%e AGS to the two magnetic rings are part of the Collider sys-

tem. Their design is the same as in the latest CBA/ISABELLE proposal. Major

parameters of the Collider Rings are given in Table IV-1.

Each ion bunch accelerated in the AGS is extracted and transferred to

one of the two Collider Rings. The bunch is captured by a stationary rf bucket.

It is essential that the shape of the bunch prior to extraction from the AGS is

tailored to match the shape of the buckets in the Collider.

Beam parameters at injection are given in Table IV-2. It is assumed

that, because of the required manipulations, the betatron emittances and the lon-

gitudinal phase space area are somewhat diluted to the final values shown in

Table IV-2. The beam parameters are taken to be the same for all species, ex-

cept protons, which have a larger emittance since they come from a different

source. The number of protons could be increased by an order of magnitude, pro-

vided that certain improvements in the rf system and beam dump are introduced.

The design number of 10 protons/bunch is adequate for heavy ion physics.

The bunch area, S, is defined for 95% of the beam population by

S » 61T ax a E ,
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Table IV-1. General Parameters for the Collider

Energy Range (each beam), Au

protons

Luminosity, Au-Au @ 100 GeV/amu & 10 h av.

Operational lifetime Au @ Y > 30

Diamond length @ 100 GeV/amu

Circumference, 4-3/4 C.G_

Number of crossing points

Free space at crossing point

Beta @ crossing, horizontal/vertical

low-beta insertion

Betatron tune, horizontal/vertical

Transition Energy, y T

Filling mode

No. of bunches/ring

No. of Au-ions/bunch

Filling time (each ring)

Magnetic Rigidity, Bp : @ injection

@ top energy

No. of dipoles (180/ring + 12 common)

No. of quadrupoles (276 arc + 216 insertion)

Dipole field @ 100 GeV/amu, Au

Dipole magnetic length

Coil i.d. arc magnets

Beam separation in arcs

rf frequency

rf voltage

Acceleration time

7-100 GeV/amu

28.5-250+ GeV

4.4xlO 2 6

>10

±27

3833.87

6

±9

6

3

28.82

25»G

-2 -1cm sec

h

cm rms

m

m

m

m

Box-Car

57

l . l x l O 9

si

96.5

839.5

372

492

3.448

9.46

8

90

26.7

1.2

1

min

T»m

T»m

T

m

cm

cm

MHz

MV

min
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where O is the rms bunch length in unit of time and CTg the rms energy

spread. Correspondingly, the normalized emittance, £N = BYe, is defined by

a 2

e = 6IT BY IT-1—
N BH,V

where O ,, is the rms beam width or height and B „ the horizontal or vertical
H,V n,V

amplitude lattice function. The bunch dimensions are for 95% of the beam. The

bunch length given is the shortest one can obtain from the AGS with the present

unmodified rf system.

The number of ions per bunch transferred to the collider is also given

in Table IV-2. It was derived after adjusting for the losses between the

Booster and the AGS. Assuming a maximum rigidity of 839.5 T#m we give, also in

Table IV-2, the maximum kinetic energy that can be reached in the Collider

rings.

The beam parameters were calculated for a typical set of ion species

in order to illustrate the variation of the collider performance over the entire

mass range. The Tandem Van de Graaff source is capable of delivering many other

238
elements including U, most of them in adequate intensity. In fact, the

12 32

choice of C and S may entail operational difficulties due to the mass-to-

charge ratio being A/Z = 2, potentially leading to beam contamination with

lighter fragments. Since this problem could be circumvented by the use of the

isotopes C and S or different elements such as B and Cl, the discussion

is limited here to the few illustrative examples of Table IV-2.

The two rings are filled in box-car fashion. The total number of

bunches accepted is 57 per ring; an equivalent number of AGS pulses is required

which gives a filling time of a little more than one minute per ring. The
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Table IV-2. General Beam Parameters for the Collider

00

o

Element

Atomic Number Z

Mass Number A

Rest Energy (GeV/amu)

Injection:
Kinetic Energy (GeV/amu)

B

Proton

1

1

0.9383

28.5

0.99947

Deuterium

1

2

0.9376

13.6

0.99947

Carbon

6

12

0.9310

13.6

0.99793

Sulfur

16

32

0.9302

13.6

0.99794

Copper

29

63

0.9299

12.4

0.99757

Iodine

53

127

0.9303

11.2

0.99704

Gold

79

197

0.9308

10.7

0.99680

Norm. Emittance
(irmm*mrad)

Bunch Area

20 10 10 10 10 10 10

(eV'sec/amu)

Bunch Length (naec)

Energy Spread {xl0~^)

No. ions/Bunch (xlO9)

Top Energy:
Kinetic Energy (GeV/amu)

«Y

0

± 8

± 3

100

250

268

.3

.6

.8

.7

.2

0.3

± 8.6

± 7.6

100

124.9

134.2

0.3

+ 8.6

± 7.6

22

124.9

135.2

0.3

± 8.6

± 7.6

6.4

124.9

135.3

0.3

± 8.6

± 8.3

4.5

114.9

124.6

0.3

+ 8.6

± 9.2

2.6

104.1

112.9

0.3

+ 8.6

± 9.6

1.1

100.0

108.4



situation is different for the proton beam since 12 bunches can be accelerated

simultaneously in the AGS; thus only five AGS pulses would be required and the

filling time is less than ten seconds.

The choice of 57 bunches is a direct consequence of the fact that the

Collider circumference is 4-3/4 times the AGS circumference and that there are

12 bunches (at least for protons), equally spaced, transferred from the AGS to

the Collider. In the box-car filling mode the transfer is bunch-to-bucket and

therefore the rf frequency must have an harmonic number equal to an integer

times 57. The largest integer is 12 since i t corresponds to a bucket length

which is just about the length of the injected bunches. The harmonic chosen,

h = 57 x 6, together with the peak voltage of 1.2 MV provide adequate bucket

length and are well-matched to the AGS parameters. The bunch separation is

67 m and this corresponds to a r ise/fall time of ^ 190 nsec for the injection

kickers.
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IV.2. Lattice

The collider is composed of two identical non-circular concentric

rings in a common horizontal plane, oriented to intersect with one another in

six crossing points. Each ring consists of three inner arcs and three outer

arcs and six insertions joining the inner and outer arcs. Each arc is composed

of 12 FODO cells. The insertion has nine quadrupoles and four dipoles (two for

dispersion suppression and two for the beam crossing) on each side of the

crossing point. A general layout of the collider ring is shown on Fig. IV-1.

The ring structure conforms closely to the geometry of the existing

tunnel. In the standard configuration, there is reflection symmetry with re-

spect to each arc bisector. The polarity sequence of all quadrupoles is

antisymmetric with respect to the crossing points. This gives rise to three

superperiods, with one sextant, consisting of an inner arc plus insertion, and

its neighboring sextant consisting of an outer arc plus insertion as the funda-

mental period. The superperiodicity will be reduced further if the insertions

are not all identical, e.g., in order to provide different crossing point condi-

tions (crossing angles, beta values, detector magnets) or to facilitate certain

machine functions, such as beam dumping. It is expected that the collider will

initially be operated in its simplest configuration, i.e., one with the highest

possible superperiodicity, and that departure from this symmetry will be

introduced as operational experience grows.

It proved impractical to place the transition energy outside the

operating range from 7 - 100 GeV/amu, so that the heavy ion beams will have to

be accelerated through transition. Stored beam operation near the transition

energy is not possible; this leaves a small gap in the operating range which

can, in principle, be bridged by retuning the machine to a transition energy
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Fig. IV-1. Layout of the Collider.

83



outside the desired operating interval for experiments which require specific

beam energies very close to the nominal Y T
 = 25.

i. Arcs

The choice of the arc structure has a profound impact on the

performance and the cost of the collider. Intrabeam scattering in the case of

heavy ions results in larger longitudinal and transverse emmittances and thus

larger aperture requirements relative to a proton accelerator. The desire to

keep the aperture requirements small points to a lattice solution with stronger

focusing and higher transition energy. On the other hand, the requirements of

the chromaticity sextupole system, the rf requirements at low energies, the

desire to avoid passage through transition with protons, and quadrupole cost

considerations favor weaker focusing and limit the transition energy to below

the AGS energy. These arguments lead to the adoption of a solution with 12 FODO

arc cells per sextant, with a transition energy of Y-p = 25.0 and a tune V =

n,v

28.825. Each cell is 29.622 m long; it deflects the beam by 77.7007 mrad and

has a betatron phase advance of 90°. The studies show that this choice of

focusing strength is adequate for limiting the intrabeam Coulomb scattering

emittance growth as well as che microwave instability at the transition energy.

The inner and outer arcs are constructed with the same magnet types

and are identical, except for the small difference in average radii, obtained

from small adjustments in the drift space lengths. The inner and outer arcs of

a magnet sextant and the centerline of the tunnel which houses them are

concentric. The center-to-center distance between two rings is chosen to be 90

cm so that each ring line can be housed in a separate vacuum vessel. There are

twelve identical cells in each arc, each with two quadrupoles and two dipoles.

84



The cell betatron and dispersion functions are shown in Fig. IV-2, and the

principal characteristics are tabulated in Table IV-3.

Table IV-3. Principal Characteristics of Arc Cells

~ Inner Arc Outer Arc

Length (m) 29.5871 29.6571

Deflection Angle (mrad) 77.7007

Average Radius of Curvature (m) 380.7829 381.6838

Distance between Centerlines (m) 0.9

Dipole Strength* JBdl/Bp 0.038850

Quadrupole Strength*
jB'dA/Bp, (nf1) F&D 0.0995 & -0.0993

Betatron Phase Advance

AIJ>H/2TT, AI|>V/2TT 0 .25

3JJ v & B H V ̂ -n quadrupole midplanes (m) 50.0 & 8.5

X p & X in quadrupole midplanes (m) 1.52 & 0.73

*Magnet parameters are discussed in Section IV.4.

ii. Insertions

The insertions serve two functions: they transport the beams from arc

to arc, and they control the lattice parameters at the crossing points. They

should provide some measure of flexibility in the choice of the beta function at

the crossing point, B = BR = B v and the crossing angle a so that each

insertion may be optimized for a particular experiment or machine function.

However, adjustments in one insertion should not affect the others, nor the

over-all operation of the ring. This is achieved by requiring that each

insertion have the same beam transfer matrix between its interfaces with the
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Fig. IV-2, 8 and X functions of RHIC regular arc cell.
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adjoining arcs, regardless of its internal configuration. It is also desirable

to be able to change the betatron tunes in a simple manner, e.g., by adjustment

of the phase-advances of the arc cells, without serious repercussions for the

machine behavior or crossing point conditions. Flexibility in the collision of

unequal species is also an important constraint in the design of the heavy ion

collider.

Each insertion may be subdivided into an inner and an outer half inser-

tion which are joined at the crossing point. There is near perfect reflection

antisymmetry relative to the crossing point in component location and component

strength. A small deviation (̂ 10 ) from symmetry is caused by the differences

in drift space lengths imposed by geometrical constraints.

Figure IV-3 shows the layout of the insertion on one side of the

interaction point. Each half-insertion is composed of (1) a dispersion matching

section (Q9, Q8, Q7, B, Q6, BS and Q5); (2) a straight betatron function

matching section with the quadrupole doublet Q5, Q4 and the triplet Q3, 02 and

Qlj and (3) the beam crossing dipoles BC2 and BC1. BS of the inner and outer

half-insertions serve also to bring the beam-beam separation from 90 cm to 35 cm

at the edge of BC2. The magnets Q3, Q2, Ql and BC2 of inner and outer inser-

tions sit in common vacuum vessels (dual magnets). All magnets in the in-

sertions except B and BS are separately adjustable.

The beam crossing geometry is shown in Fig. IV-4. BC1 is common to

both beams, BC2 of inner and outer insertions are separately excited to accommo-

date variations in beam crossing angles as well as collisions between unequal

species. For unequal species, such as p on Au, the line of head-on collision is

rotated by about 3.5 mrad with respect to the longitudinal center axis.
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Fig. 17-4. Beam crossing geometry.
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The main insertion characteristics are tabulated in Table IV-4 and the

associated magnet parameters in Table IV-5. The behavior of the betatron and

dispersion functions is shown in Fig. IV-5, for head on collision, i.e., a

crossing angle of 0 mrad. For nonzero-angle collisions the behavior is similar,

but the insertion quadrupoles have to be readjusted in strength by less than 1%

in order to preserve the dispersive characteristics.

Injection into the collider, acceleration and low-energy operation will be

done with the 3 = 6 m configuration. The low-beta configuration with

8 = 3 m can be obtained at high energies by changing the insertion quadrupole

excitations. Depending on the operational experience gained, this change may

require activation of all available corrector magnets and thus stronger and/or

additional power supplies, but no pbvsical changes of the magnet system should

be needed.

Table IV-4. Principal Insertion Characteristics

Number of insertions 6

Crossing angle (mrad) 0-2

Nominal free space @ crossing (m) ±10

Half-Insertion length, outer (m) 141.782
inner (m) 141.731

X* (m) 0
P

•*•

X1 J>0
P

0

8* (m) 3 6

3 (m) 400 225

jB"d£/Bp max @ QF in arc (m~2) 0.23 0.20
max @ QD in arc (m~2) -0.47 -0.40

aThe actual free space available for detector equipment i s ±9 m.
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Table IV-5. Principal Parameters of Inser t ion Magnets
(3 = 6 m, a = 0 mrad)

J BdJl/Bp jB'dt/BP (nT1)
Inner Outer Inner Outer

Q9b

Q8

Q7

B

Q6

BSIC

BSOC

Q5

04

Q3

02

Ql

BC2

BC1

1.028

1.336

1.485

9.460

1.743

3.569

5.462

1.332

1.136

1.124

2.213

1.344

4.400

3.300

.038850

.014656

.014302d

.018l89d

.022432

.0826

-.1073

.1194

- .1399

.1070

-.0912

.0769

-.1514

.0919

-.0824

.1072

-.1191

.1399

-.1069

.0912

-.0768

.1512

- .0919

QD

QF

B

1.240

1 .240

9.460 .03885

-0.0993

0.0995

aThe magnet length i s calculated for a gradient of B1 =57 .4 T/m in Q1-Q3
and B' =67 .4 T/m in Q4-Q9, QF&QD. At top energy BP = 839.5 T'm.

bThe quoted values include contribution of the half-quadrupole in the arc .

cThe BS dipoles wil l be constructed with different length for the inner and
outer insertion respectively to have the same nominal field strength.

"The integrated f ie ld strengths depend on the crossing geometry. The quoted
values correspond to the integrated dipole strengths for equal species at
0 mrad crossing angle. The dipole f ields required for other crossing angle
geometry or unequal species are always smaller than the values quoted here.
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The luminosity and the crossing point conditions (3 values, crossing

angle, and BP ratio) are interrelated and limited by the magnet apertures, the

beam energy, and the tunability of the insertion. Figure IV-6 shows the maximum

amplitude function 3 and the total chromaticity of the machine as a function

of B • Figure IV-7 shows the corresponding quadrupole gradients jB'd^/BP as a

function of B . The tune of the machine is changed by varying the phase advance

in the arc cells as well as the focusing strength of the insertion quadrupoles

to maintain matching. Figure IV-8 shows the jB'dJl/BP as a function of tune of

the machine.

iii. Chromatic Effects

If the insertions are all identical and set up for 3 = 6 m the natu-

ral chromaticities (X = P dV/dp) are XH = X v = -49 to which the six arcs

contribute -24 units of chromaticity. These large negative values of the

chromaticities must be reduced to zero or a small positive value. This can be

done by having sextupoles in or very near to each quadrupole in which there is

significant dispersion. Figures IV-9 and IV-10 show the variation of lattice

functions for off-momentum particles, comparing chromaticity correction with two

and four sextupole families. The increase of the 3- and Xp-functions for off-

momentum particles impacts the available dynamic aperture. This effect, which

*
depends strongly on the p values, can be decreased by increasing the number of

sextupole families. The sextupoles in each arc are interconnected to allow

eight families, two at QF and two at QD in inner and outer arcs respectively.

The day-one configuration foresees four sextupole families, which is adequate

for 3 = 6 m. Operation with the 3 = 3 m low-beta insertions may require

activation of more sextupole families per arc, requiring additional power

supplies but no modification of the electrial bus configuration of the magnets.
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Figure IV-11 shows the tune variation with momentum. The linear part

of the chromaticity could be corrected with only two sextupole families but

minimizing the variation of beta with momentum requires at least four families.

The remaining nonlinear contribution to the tune shift can be corrected with the

planned two octupole families. The desirability of adding decapole magnets for

better control of the working line is under study.

Fig. IV-6. The maximum amplitude function and the total natural chromaticity
is shown as a function of B*.
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Fig. IV-7. Strengths of insertion quadrupoles as a function of 3 without
changing the transfer function of the insertion, (y = 90°/cell)
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IV.3 Performance

i. Intrabeam Scattering

Particles in the same bunch exchange longitudinal and transverse

momenta by Coulomb scattering. This effect depends strongly on the charge Ze

and on the mass number A of the ions. The scattering cross section is p-Oii->r~

tional to

For high-Z ions we expect a severe limitation from intrabeam scattering.

The diffusion rates caused by this effect depend linearly on the beam

density in the 6-dimensional phase space and on a form factor which is a rather

complicated function of the lattice parameters, beta function and dispersion,

and on the relative spread in the velocities. Theories were developed by

1 2 3 .
Piwinski, Bjorken and Mtingwa,' and Martini, which can be used to estimate the

growth rates of the three dimensions of a bunch at a particular location of the

latt ice, and several computer codes are available for this task. A model has

been created to estimate the growth rates averaged over the entire circumference
4

of the lat t ice. For this purpose magnet and drift lengths have been taken

into account. Moreover, actual variations of the lat t ice functions, B and X ,

have also been properly handled.

If the two transverse modes of oscillation arc taken to be completely

decoupled, at the higher energies one finds that the horizontal mode has a posi-

tive growth whereas the vertical oscillations are damped, though usually at

rather small rates. This fact would convert the initially assumed "roundness"

of the beam to an extreme "flatness." Because both linear and non-linear

coupling are inherent in the collider, and with the assumption that the coupling
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acts within time periods shorter than the intrabeam scattering diffusion time,

we assume that the beam remains round, i.e., that the horizontal and vertical

beam emittances are always equal. It was assumed that the horizontal and verti-

cal emittances diffuse at the same rate given by the larger diffusion rate for

the two modes of oscillation. At lower energies, y < 30, the horizontal and

vertical oscillations grow at about the same rates and the assumption of com-

plete coupling does not change the results ty much. In particular, it has been

verified that the assumption of coupling does not significantly change the mag-

net aperture requirements nor the estimates of beam lifetime.

The instantaneous and local diffusion rates are proportional to the peak

particle current, given by

where N is the number of particles per bunch and O the rms bunch length. As

the beam diffuses the bunch dimensions increase and the diffusion rates decrease

correspondingly. This fact has been taken into account in our estimates.

The results given here are for gold beams since we believe this to be

one of the worst cases. This is shown in the following Table IV-6 where the

2 2
quantity N (Z /A) which is a rough measure of the intrabeam scattering is

listed for representative elements.

In Fig. IV-12 we give the rms momentum spread of the bunch versus

the beam energy at the end of two-hour and ten-hour storage periods. It may be

seen that the edge of the momentum range comes close to the height of the rf

bucket near y = 12 and near y = 100, particularly for the 10 hour storage pe-

riod. This will cause some beam loss over 10 hours, of the order of 15%, which

can be reduced by increasing the rf voltage. (In Figs. IV-12 to IV-15 the
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Table IV-6. Scaling of intra-beam scattering

Element

Proton 1

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

NB

xlO9

100

100

22

6.4

4.5

2.6

1.1

z2 2
NB(A~)

xlO9

100

25

198

410

802

1272

1104

vertical dashed line at Y = 12.5 indicates injection energy and that at Y = 25

transition energy.) In Fig. IV-13 we give similar results for the rms bunch

length. Bunches quickly become long at the low energy end.

As ini t ia l values, we have taken a bunch area of 0.3 eV'sec/amu for

Y < YT and a value of 1.0 eV'sec/amu for Y > YT to take into account the bunch

growth from the microwave instability when crossing the transition energy. For

the betatron emittance we have always assumed, at any energy, the same ini t ia l

value of 10 TTmm'mrad (normalized emittance, 95% of the beam).

The emittance growth (the same in both planes, because of our assump-

tion of full coupling) is shown in Fig. IV-14. A remarkable result is that the

normalized emittance for Y > YT is independent of Y> whereas for Y < "TT the

growth rate increases quickly as the beam energy decreases.

Finally, in Fig. IV-15 we give the overall beam dimensions versus

energy at the end of two-hour and ten-hour storage periods. These are the

maximum values estimated in the center of the focusing quadrupoles in the
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Fig. IV-12. Au beam bunch height growth due to intrabeam scattering.
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Fig. IV-13. Au bunch length growth due to intrab^am scattering.
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Fig. IV-15. Au beam half-width growth due to intrabeam scattering.
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regular lattice (the arcs) of the Collider. They are half of the full dimen-

sions in the horizontal plane, obtained by the definition

/6 (aE + ap)

where CT is the rms contribution from the momentum spread and CTg is the rms con-

t r ibut ion from betatron osc i l l a t ions . The l a t t i c e values used in estimating the

beam dimensions are B = 50 m, and X = 1.55 m. Whereas the beam dimension
max pmax

varies at most by a factor two between Y = 20 and Y = 100, it increases rather

steeply for smaller energies. Figure IV-16 shows the beam half-width as a

function of time,

ii. Aperture

Tracking Studies. The good-field aperture of the magnets needs to be

large enough to allow for the growth of the beam due to intrabeam scattering.

In order to assure adequate safety margin for storage ring operation, the crite-

rion adopted for the dynamic aperture, A__, was that it be large enough to con-

tain betatron oscillations as large as 6 CTg at Y = 30 up to t = 10 hours. For

off-momentum particles, the 6 o rule can be relaxed. At Y = 30, the horizontal

beam size for the case of gold corresponds to CTg = 1.67 mm at t = 0 and grows

to CTg = 3.0 mm after t = 10 hours. The CTg are quoted at QF in the regular arc

cells using lattice functions of the error free rings. The design specification

based on 10 h operation with gold at Y - 30 thus becomes Ag. J 18 mm for on-

momentum particles. This requirement is equivalent to an acceptance of ̂TTT

mm'mrad.

The need to contain such large betatron oscillations turns out to be

the determining factor in establishing i_lie physical magnet aperture. Reducing

the magnet aperture would make the random magnet field errors larger, which
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Table IV-7. Expected rms Random Multipole Errors (cm" )

1

2

3

4

5

6

7

8

9

10

Arc Dipoles
b n

8.5xlO~5

7.4X10"5

8.1xlO"6

5.&<10"6

5.4xl0"7

3.4xlO~7

3.0xl0~8

1.8xlO~8

1.6xl0~9

9.8xl0"10

a n

1.7X10"4

2.1X10"5

1.4xlO~5

1.5xl0"6

9.3xl0"7

9.5X10"8

5.6xl0~8

-95.5x10 *

3.0xl0~9

3.0xl0~10

BC1
b & an n

4.5xl0"5

4a*io~6

5.1xl0"7

5.8X10"8

6.1xl0~9

6.5X10"10

6.2X10"11

6.3X10"12

6.1X10"13

6.0xl0"14

b

1.

2 .

4 .

1.

2 .

4 .

9 .

1.

3 .

6.

BC2
& an n

Oxio"4

0xi0~5

8xl0"6

ixlO"6

3xlO~7

,9xl0"8

5xio"9

,9*10~9

7X10"10

9X10"11

Arc Quads
& Q4-Q9

b & an n

1.6xlO~4

5.9* 10~5

1.5xlO~5

4.4xlO~6

1.3xlO~5

3.5xlO~7

9.8X10"8

2.7X10"8

7.1X10"9

1.9X10"9

Q1-Q3
b & a

n n

1.4X10"4

1.3xio"5

1.5xl0"6

2.5xlO"7

3.8X10"8

5.9xlO"9

9.8X10"10

1.5X10"10

2.2X10"11

3.3X10"12

could make large betatron oscil lations unstable. Magnet apertures that meet

the above requirements were determined by particle tracking studies taking into

account the expected field errors. The resulting inner radii of the magnet

coi l s are summarized as follows:

Arc Magnets 40 mm

Ql, Q2, Q3 65 mm

BC2 50 mm

BC1 1 0 0 mm

The expected random field errors in these magnets are given in Table

IV-7. Using these random field errors, one can compute the s tabi l i ty limit or

dynamic aperture, AgL, which is defined as the largest in i t ia l betatron
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amplitude that remains stable during tracking. Two tracking programs, PATRICIA

and ORBIT, were used to compute these stability limits •. The results from these

two programs are in good agreement. Figure IV-17 shows Ag, , averaged over 10 ma-

chines with different error distributions as a function of momentum Ap/p,

calculated with random errors only (dashed curve) and with systematic errors

included (solid curve).

For high energies, the dynamic aperture in the presence of multipole

errors exceeds considerably the required stability range for the beam. As the

beam energy is lowered the beam size increases. For on-momentum particles, the

stabili ty limit, based on the 6 CT criterion, is reached at Y = 34. Below that

energy a reduction in performance must be accepted. Remembering also that tho

6 CT rule includes a considerable safety factor, the dynamic aperture is judged

to be adequate. The dynamic aperture requirements for iodine are about equal to

those of gold and less severe for the lighter ions (see Table IV-12).

The dynamic aperture is reduced for off-momentum particles. At high

energies, the momentum spread of Ap/p = ±2.7 x 10 is small enough so that the

aperture requirements over the full-momentum range are satisfied. At Y = 30 for

Au, the beam energy spread will grow to Ap/p = ±0.005 after t = 10 hours. At

Ap/p = ±0.005, the stability limit decreases to Ag, = 15 mm. Tftus particles at

the energy edge of the beam, will have room for betatron oscillations of about

5 (Jg. Since the particle density at the energy edge is low, no adverse effect

on performance is expected.

The dynamic aperture is clearly adequate at injection at which time

the beam has not yet grown from intrabeam scattering. When the beam passes

through the transition energy, YT - 25, the beam energy spread may grow to
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Ap/p = ±0.012. At Ap/p = ± 0.012, the stability limit is about A g L = 11 mm.

However, the beam size only corresponds to Cfg = 1.8 mm as there is not yet much

growth due to intrabeam scattering, and the particles at the energy edge of the

beam will have room for betatron oscillations of about 6 Og in passing through

transition.

In the above tracking study, the linear tune values were V = 28.826,

V = 28.821. This operating point is in a small square near the diagonal, V =

V , which is clear of all resonances up to and including tenth order (Fig. IV-

18). This is required by the experience at the SPS. This square is bounded by

the resonances at 28.8 and at 28.333 and has a width of about 0.033.

*
In the above tracking results, the P at the crossing points is P =

8 = 6 m. This is necessary to get the required stability at low y. At higher

-h o* o*
energies, as the betatron oscillations decrease like Y > the P and P can be

x y
* *

gradually reduced to 3 = B = 3 m. Further tracking studies are planned to
x y

t

study other choices of V , V and to study possible correction systems that can
x y

increase the stability limits of the accelerator.

Tracking studies have been done that included the beam-beam interac-

tion at crossing points, and these studies indicate that the beam-beam interac-

tion has little effect on the dynamic aperture.

Linear Effects. So far the tracking results do not include the random

dipole and quadrupole field errors. In this section an estimate is made of the

impact on the magnet aperture requirements caused by various linear effects, such

as closed orbit errors, chromatic effects in 8X, 3 and X , and random errors

in the dispersion and B-functions. However, to a large extent, these effects

can be corrected by providing the proper correction systems, and appreciable

reduction in the dynamic aperture due to these linear effects is not expected.
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The closed orbit errors are largely due to the errors in the locations

of the quadrupoles, assumed to be 0.25 mm rms, and the rotational error in the

dipoles, assumed to be 1 mrad rms. A computer simulation study was carried out

using the CLOSORB program for the dipole correction system described in

Section IV.4. It was found that the closed orbit error can be reduced to about

±1 mm peak, and that the required dipole corrector strength is 3 kG*m. Tracking

studies will be done to determine the effect of the residual closed orbit on the

dynamic aperture.

Another set of important linear errors is due to the random

quadrupole errors in the magnets, a. and b,. The random quadrupole errors can

generate a number of effects, including random variations in the B-functions,

random horizontal and vertical dispersion and coupling between the horizontal

and vertical betatron oscillations. In SHIC, the small magnet aperture gener-

ates appreciable a, and b,. The expected random quadrupole errors are given in

Table IV-7.

The effects of the random quadrupole errors can be reduced by shuf-

fling the magnets. Without shuffling the magnets, the assumed random

quadrupole errors can produce random variations in B , 8 , X and Y whose

largest expected values in the arcs are about AB /8 = AB /B - 15%, Ax /X -
x y x y p p

20%, and AY /X = 30%. These effects will be reduced by a factor of 4-5 by

shuffling the dipoles. Skew quadupoles will be provided in the insertion re-

gion, connected in two separately powered families, to correct the coupling be-

tween the horizontal and vertical betatron oscillations. Provision will also be

made to correct the random variations in 8 , 8 , X and Y at the crossing

points, since these variations can produce appreciable variations in the beam-

beam interaction from crossing point to crossing point. The insertion
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quadrupoles can be used to correct random variations in 3 , 3 and X at the

crossing points, as the insertion quadrupoles can be separately varied. Space

will be reserved for possible skew quadrupoles to correct the vertical dispersion

at the crossing points. Preliminary studies indicate that after shuffling the

magnets and correction of the coupling, the effect of the random quadrupole errors

on the dynamic aperture will be small, but further tracking studies are required

for quantitive statements.

Another linear effect that may affect the aperture requirement is the

chromatic effect in the 3-functions, i.e., the variation of 3 and 3 with Ap/p.

x y

The correction system for this effect is described in Section IV.2 on the lat-

tice. The tracking studies done to find the dynamic aperture assumed 4 families

of sextupoles to correct the chromatic effect in the 3-functions, and thus the

tracking results included this effect.

Beam Loss Estimates. The magnet apertures were chosen to allow 10-

hour operation above Y = 30 without beam loss. In order to obtain more realis-

tic estimates, it is necessary to also consider the momentum aperture limits due

to the rf bucket size. An estimate of these losses combined is given in Table

IV-8. At high energies, Y - 100, the losses are dominated by the rf bucket size,

since /6 6 * A . Beam losses at energies below Y = 30 result from the rf

bucket size as well as the magnet aperture limitation. At the lowest energies,

the loss contribution from either effect is about equal. Operation of the

collider is still possible, however, with reduced performance. The impact of

the beam losses on the luminosity is insignificant when compared to the luminos-

ity reduction due to emittance growth from intrabeam scattering. It is, in

fact, the operational time interval which is limited by the available rf bucket

size.

114



Table IV-8. Estimate of Beam Loss Due to Aperture and rf Bucket Limits.

Y

Time in terval (h)

Oa (mm)

Beam half-width (mm)

Available space for
- betatron oscillations

- synchrotron oscillations

Combined losses

i i i . Acceleration through

5

0.65

8

23

2.3 ap

" 6
E

12%

Transition

7

2

7.1

21.2

2.6 Og

2.4 «K

5%

12

10

5.6

19.1

3.2 Og

2.4 6E

3%

30

10

3.0

14.3

6.0 CJg

5.0 SE

<0.1%

100

10

1.5

7.5

12.0 a3

2.4 6E

3%

With the exception of protons all ions are injected below transition

energy, Y_ = 25.0, and have to be accelerated through transition for operation

at top energy. Consequently, it became necessary to analyze the momentum

aperture requirements as well as the negative mass instability at transition.

Both problems are minimized by fast acceleration through transition. Cost con-

siderations established 1 min as the time in which to accelerate the beam from

injection to the top energy.

Table IV-9 shows the longitudinal beam acceleration and rf bucket

parameters. A peak rf voltage of 1.2 MV is necessary for the acceleration of

the beam and to provide sufficiently large rf buckets in the storage mode. We

take a period of 60 sec in which to accelerate the beam from injection to the

top energy. The energy gain per turn for the different ion species is given in

Table IV-9. The synchronous angle is given by sin 9 = 0.04, assuming a linear
s

ramp at constant rf voltage. For a moving bucket during acceleration the area

is obtained by multiplying the value in Table IV-8 by a = 0.90, and bucket
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height by Y//2 = 0.96. At injection the bunch area i s 0.3 eV*sec/amu for a l l

species , thus one can see that the buckets have enough area and height .

In Table " V-9 we also give the 95% bunch half-length and half-height

of the beam at the t rans i t ion energy crossing, assuming a full voltage of 1.2 MV

and unchanged acceleration r a t e . These quantit ies have been calculated for a

blown-up bunch area of 1.0 eV'sec/amu, because i t has been found that the beam

bunches suffer a coherent microwave ins tab i l i ty when crossing the t rans i t ion

—2 —2
energy; this r esu l t s from the vanishing of the parameter Ti = (y», - Y ) a t

t r ans i t ion . Nonzero eta is required for Landau damping.

A simple phenomenological model has been proposed and the analysis of

7 8
the in s t ab i l i t y has been worked out numerically. In this model the beam

bunch is assumed to have a Gaussian dis t r ibut ion in phase space and to remain

unmodified as i t goes through the t rans i t ion energy. The growth r a t e of the

bunch area due to the microwave i n s t ab i l i t y i s then estimated by numerically

solving the dispersion relat ion at the peak current for a given complex imped-

ance, Z/n, and the t o t a l growth of the longitudinal phase space area i s obtained

by integrating over the entire t rans i t ion crossing. The growth r a t e depends on

the choice of the mode number, n, which, considering the short length of the

bunches, has been taken in the proximity of the beam pipe cut-off frequency
4

where n is approximately 2 x 10 . The longitudinal coupling impedance due to

the space charge i s | z / n | = 1.2 fl at t rans i t ion . Estimates of the contribution

from beam tube discont inui t ies due to bellows, pick up electrodes, equipment

such as injection and beam dump kickers , and rf cavi t ies suggest that a to ta l of

5 fi in the microwave region is achievable if appropriate care is taken.

The r e su l t s are shown in Figs . IV-19 and IV-20 for gold, which give the

upper-limit estimate of the local growth ra te and of the to ta l bunch area growth
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Table IV-9. Beam Acceleration and RF Bucket Parameters*

Proton Deuterium Carbon Sulfur Copper Iodine Gold

Energy Gain/Turn (.keV/amu) 47.5 23.7 23.7 23.7 21.9 19.S 19.1

Stationary bucket area: (eV'sec/amu)
Injection

Top energy

Bucket half-height: Ap/p(%)
Injection

Top energy

Bunch height @ transition
Ap/p (%)

Bunch length @ transition
/6 aL/c (nsec)

21.7

29.9

1.58

0.250

3

15

0

0

±1

±1

.3

.2

.481

.254

,26

.18

3.4

15.2

0.487

0.254

±1.27

±1.18

3.4

15.2

0.489

0.254

±1.27

±1.18

2.7

13.9

0.431

0.255

±1.25

±1.20

2.2

12.8

0.376

0.256

±1.23

±1.22

2.0

12.2

0.356

0.256

±1.22

±1.23

Characteristic time of
transition energy crossing
(.msec) 22.5 22.5 22.5 23.8 25.4 26.1

NB Q
2/A (x 109) 100 50 66 51 60 58 35

transition energy Y'r = 25.0
harmonic number = 6 x 57 • 342
RF=Frequency (3 =1) - 26.743 MHz
Total RF voltage » 1.2 MV
Acceleration period = 60 sec
RF Phase Angle, 9S = 2.3°



rest>ectively. Note the strong dependence on the initial values of the bunch

area. Assuming j "̂ /n| vT 5 fl, with 1.1x10 particles per bunch, we expect the

bunch area to increase to no more than 1.0 eV*sec/amu for gold.

According to this model the maximum bunch growth factor depends

crucially on the parameter N |Z/n| Q /A where NB is the number of particles per

bunch, Q the charge state and A the atomic mass. A comparison in Table IV-9

2
of the scaling factor NR Q /A for different species suggests that the crossing

of transition results in roughly equal blow up in all cases, except for protons

which do not go through transition.

10--

S =0.3 eV sec/amu 5
NO LANDAU

- - ^ DAMPING

Sfti(IO"3/sec)

NO LANDAU
DAMPING^

-30 -20 -10 10 20 30 40 5 0 t (msec)

Fig. IV-19. The imaginary part of the microwave frequency, 6fij, representing
the growth rate of the instability, is plotted as function of
time during crossing of the transition energy. The curves are
calculated with the initial phase space as parameter. The
dashed curve represents the growth rate without Landau dumping.
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One important parameter, which determines the bunch growth when cross-

ing the transition energy, is a characteristic time, also given in Table IV-9,

during which the motion is "non-adiabatic." There is another related effect that

has been investigated. This is the mismatch of the longitudinal space charge

forces with the external rf forces. This effect has been found to be negligible.
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Fig. IV-20. Total growth of longitudinal phase space as function of NB'|z/n|
with the initial phase space area as parameter.
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iv. Collective Effects

Beam-Beam Tune-Shift. The largest beam-beam tune-shift for a given

number, Ng, of particles per bunch occurs for head-on collisions. For a

"round" beam in which the emittances are the same in both planes and 3y = &H>

the tune-shift does not depend on the beam energy and is given in the limit of

short bunches by

A . O 15 Z

—18where the classical proton radius rQ = 1.535 x 10 m and eN i s the normalized

emittance for 95% of the beam.

The numerical resul ts for the tune-shifts are given in Table IV-10

for coll iding beams of the same species . Note that for round beams the tune

shi f t i s independent of 3 . The tab le shows the i n i t i a l values, that i s , for

a normalized emittance of 101T mm'mrad. We show in the same table N_, the number

of par t ic les per bunch. As the beam dimensions increase due to intrabeam scat-

ter ing the beam-beam tune shift would decrease correspondingly and the values

after 10 h operation are also l i s t e d . The resul ts in Table IV-10 are close

to the accepted value of 0.003 per inser t ion. The tune shif ts shown which are

somewhat larger could be reduced, i f necessary, by increasing the emittance

appropriately. Although this would reduce the i n i t i a l luminosity, the time

avexage luminosity i s essential ly unchanged.
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Table IV-10. Beam-Beam Tune-Shift for Head-On Collision

Element

Proton
Deuterium
Carbon
Sulfur
Copper
Iodine
Gold

NB

100 x 109

100
22
6.4
4.5
2.6
1.1

initial

0.0037
0.0037
0.0048
0.0037
0.0044
0.0042
0.0025

1
10 h

0.0030
0.0029
0.0027
0.0017
0.0017
0.0015
0.0009

For crossing at an angle, tt and for longer bunches Gn , the in i t i a l

tune-shifts are smaller than those given by the above equations. The

correction is expressed by the equation

Av = Av

where q is defined by

The correction due to the finite bunch length is negligible.

In the case in which the two beams have different ion species, the

tune-shift in beam number " 1 " due to beam number "2" is

where i t is assumed that the two beams are "round" and have the same

emittance. Again, the canonical beam-beam limit will not be exceeded.
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Microwave-Instability. The following tolerance applies for the longi-

tudinal coupling impedance in order to limit microwave instability within a

bunch:

|z/n| < 2iriLaL(^) A_
P z

where the peak pa r t i c l e current is given by

P /2ir CT
£

We have already seen the relevance of this relation at the transition energy

where

l
2* r

vanishes and imposed a limit on the tolerable microwave coupling impedance of
_2

about Z/a < 52. We now calculate th is limit at the top energy where Tl - YT

for a l l elements. The tolerable coupling impedance is shown in Table IV-11.

For a l l ion beams, except the proton beam, the i n i t i a l bunch area is assumed to

be 1 eV'sec/amu. The corresponding rras energy spread tfg/E is given in the table
-3and i s about 0.36 x 10 , and the corresponding rms bunch length is about CT» =

50 cm. In the case of the proton beam the i n i t i a l bunch area is 0.3 eV'sec and

i t i s assumed there wi l l be a bunch area dilution to 0.5 eV'sec. At top energy

the worst case is for the proton beam. For other elements the impedance to le r -

ance was established by the t rans i t ion blow-up, which i s the more severe c r i t e -

r ion.
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Table IV-11. Longitudinal Coupling Impedance Limit at Top Energy

Element

Proton

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

E
(GeV/amu)

251

125

125

125

115

104

100

(particle A)

9.7

4.8

1.1

0.31

0.215

0.124

0.053

aE/E

xlO"3

0.15

0.32

0.32

0.32

0.34

0.38

0.40

|z/n|
(fi)

5

46

34

44

40

48

82

reads

The threshold condition for the transverse microwave instability

q

where (0c ^ c/b with b the chamber radius. If we use the approximate expression,

ZT - . 2 n '
D

and compare the two threshold conditions above, we find that the transverse in-

stability is more lenient by a factor of J'S-IO.

Summary of the Dependence on the Ion Species. Table IV-12 summarizes

the information on collective effects. Assuming the number Ng of particles per

bunch on which the design is based as shown in Table IV-12, we give the average
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Table IV-12. Performance Limitations Scaling with Ion Species

Element

Proton

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

B

xlO9

100

100

22

6.4

4.5

2.6

1.1

electric
(mA)

75

75

99

77

98

103

65

N 5i
B A

xlO9

100

50

66

51

60

58

35

Z2 2

xlO9

100

25

198

410

802

1272

1104

electric current ie;Lect;r£c' There is less than a factor of two between iodine

and gold, which is very important for estimating beam loading of the rf system.

Even for iodine, the beam induced voltage is around 1 MV, and this should be

an acceptable situation.

2

In Table IV-12 we have also listed the quantity NB(Z /A). This parame-

ter is a measure of the beam-beam tune-shift and of the microwave instability

(as well as of all other coherent and incoherent space charge effects). The

value for protons is largest; on the other hand, all the other species from

deuterium up to gold have about a comparable factor.
2 2

Last, we list the quantity Ng(Z /A) , which is a measure of the

intrabeam scattering. The effect is very strong for gold and iodine and reduces

considerably for lighter ions down to protons.
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v. Luminosity

For head-on collisions of very short bunches the luminosity is given

by

T _ f r e v B N B
Li ~*J o 4T7 * *

where N_ is the number of particles per bunch, B the number of bunches per beam,
B

* *

f the revolution frequency, o , O^ are respectively the horizontal and ver-

tical rms beam dimensions at the crossing point. The above equation applies to

the case of two identical beams. For "round" beams one finds

3 W NB
o 2 rev R *

indicating explicitly the energy dependence of the luminosity.

To take into account crossing at an angle and finite bunch length the

above equation is modified as follows

L = L

Assuming the crossing in the horizontal plane the correction factor q is given

by

The maximum luminosity is obtained with head-on collisions, which therefore is

considered the standard operating mode.
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Over a period of storage, because the beam dimensions are increasing

due to intrabeam scattering, the instantaneous luminosity will decrease. The av-

erage luminosity normalized to the initial luminosity is plotted in Fig. IV-21

vs. beam energy (Y) for the case of gold on gold and head-on collisions.

For gold, at energies larger than 30 GeV/amu, the average luminosity over a pe-

riod of 10 hours is about one-half of the peak luminosity, but it drops to about

30% at the injection energy (Y - 12). At Y = 7 the average is down to 35% for

a running period of two hours. A similar behavior, if not better, can be

expected for the finite crossing angle cases.

Figure IV-22 shows the average luminosity that can be obtained for

gold on gold as a function of beam energy. At Y = 100, the average luminosity

over 10 hours is 4.4*10 cm sec for head-on collisions, and 1.2x10

—2 —1cm sec for ot = 2 mrad beam crossing. Ten hours is possible down to Y = 30,

and down to Y - 12 if some losses are acceptable (see Table IV-8). At Y = 7, a

running time of about 2 hours is possible with a luminosity of about

25 —2 —1
10 cm sec

The lattice parameters at the crossing point at top energy are

PH v = 3 m and Xp = 0 m. At lower energies, the larger dynamic aperture

required is achieved by reducing the beta functions at the critical insertion

quadrupoles Q,, Q_, and 0« with a concomitant change of the beta functions at

the crossing point. For example, in the case of gold below Y ~ 50-70, the lat-

tice parameters at the crossing point are adjusted to B« v = 6 m, and this is

taken into account in Fig. IV-22.

Initial luminosity and average luminosity over 10 hours at top energy

have been estimated for the typical ion species and the results are given in

Table IV-13. The luminosity is reduced only by a factor of about 4 for crossing
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80 100

Fig. IV-21. Average luminosity (normalized to its initial valued versus
energy for the case of Au on Au and head-on collisions.
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Fig. IV-22. Dependence of average luminosity on energy for the case of
Au on Au.
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Table IV-13. Luminosity at Top Energy

Proton

Deuterium

Carbon

Sulfur

Copper

Iodine

Gold

NB

xlO9

100

100

22

6.4

4.5

2.6

1.1

E/A

(GeV/amu)

250.7

124.9

124.9

124.9

114.9

104.1

100

initial
ct=O

9.5

9.5

4.6

3.9

17.7

5.4

9.2

Luminosity
(cm sec )

Lav
10 h
a=0

8.4

9.0

3.2

2.3

9.2

2.5

4.4

Lav
10 h

a=2 mrad

4.9

3.68

1.0

0.65

2.42

0.62

1.1

xlO 3 0

xlO 3 0

xlO29

xlO28

xlO27

xlO27

xlO26

at an angle of 2 mrad. At lower energies, down to 10 GeV/amu, the initial

luminosity will decrease linearly with Y for head-on collision and with /y

crossings at an angle.

The luminosity for different species colliding can be obtained simply

by taking the geometric average of the luminosity figures in Table IV-13 for the

corresponding ions. Head-on collisions between protons and gold would have a lu-

29 —2 —1
minosity of «̂ 10 cm sec at 100 GeV/amu for both beams.

In estimating the time average luminosity, no allowance was made

for beam loss due to intrabeam scattering or the other beam lifetime limiting ef-

fects described in the following section. It is estimated that the actual

average luminosity may be lower than the quoted value by 20 to 25% in the case

of gold and less for other species.

An important parameter required for the design of the detectors is the

length CTj of the interaction region. Its rras value is approximately given by
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0 =

with q as defined above. For head-on collisions q - 0 and O^ is shorter by a

factor /2 than the rms bunch length which is given in Fig. IV-13. For gold CTj

varies from 35 to 106 cm rms over a period of 10 hours at 100 GeV/amu. It is al-

most constant, around 35 - 50 cm rms at 30 GeV/amu, but grows from 42 to 113 cm

rms at the low energy end.

The interaction region is considerably shorter for crossing at an

angle. For the top energy case the rms value at the end of 10 h is about 27 cm

for 2 mrad crossing angle. This value does not change significantly over a pe-

riod of 10 hours and is about the same for all species involved,

vi. Lifetime Limitations

The performance of any heavy ion collider is largely determined by the

intrabeam scattering process. Intrabeam scattering and its implications on the

design have been discussed in the previous sections. Other scattering processes

will cause beam loss and emittance blow up and have to be considered. Nuclear

scattering between the ion beam and the residual gas establishes the vacuum

specifications. Beam-beam interactions due to nuclear scattering, Coulomb disso-

ciation, and capture of electrons from pair production will result in beam loss

and luminosity reductions. Beam loss due to the Touschek effect (wide angle Cou-

lomb scattering within a bunch) was estimated tc be small compared to these

effects. Estimates of reaction rates and resulting total beam half life is

summarized in Table IV-14 where the initial luminosity at 0 mrad crossing angle

(Table IV-13) is used. The actual beam half life will be longer because the av-

erage luminosity is smaller.
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Table IV-14. Initial Reaction Rate * = -I" 1 dl/dt and Total Half
Life of Particle Beams for Head-on Collisions

~~~~~~~ ~~ Beam-beam
Beam-gas Beam-beam Bremsstrahlung Initial
nuclear Beam-beam Coulomb electron pair Half
reaction nuclear reaction dissociation production Life

Xj X 2 X3 X4

Beam @ 10 Torr A on A p on A A on A A on A A on A

xlO~3/h h

396

78

125

135

0.12 116

4.6 30

31.6 14

Beam-residual gas nuclear scattering. ' Nuclear reactions between

the beam ion and the residual gas will result in beam loss. The loss rate can

be expressed as

1 I dt g ng bg '

where n is the density of the residual gas, cr is the total cross section for

the reaction between the beam and the gas nuclei. At relativistic energies, CJ

is equal to the geometrical cross section,

a. = ir(l.25 (A,173 + A 1 / 3 ) ) 2 x 10"26 cm2 .

p

d

C

S

Cu

I

Au

xlO"3/h

0.15

0.19

0.36

0.55

0.76

1.08

1.37

xl0"3/h

1.6

8.7

5.2

4.6

4 .6

3 .9

2 . 1

xl0"3/h

1.6

3.0

16.9

27,9

38.8

55.1

69.3

x10~3/h

—

—

—

—

0.52

13.2

16.0
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In terms of the gas pressure P at 300 K , the residual gas density is n g = k P

16 3

where k = 3.22x10 molecules/cm Torr.

Assuming the gas composition to be 45% Hj, 45% He, 5% Nj and 5% CO,

the loss rate ̂ j is listed in Table IV-14 for a total pressure P = 10 Torr.
—12

The corresponding pressure in cold sections (at 4.2°K) is 1.4x10 Torr.

Indeed, it is preferable to have the vacuum pressure at 10 Torr or lower in

the warm sections around the crossing point to minimize background. The vacuum

does not pose a serious limitation to the beam life time.

The eraittance will grow through elastic scattering with the residual

gases. Assuming pure Coulomb scattering, the small angle Rutherford scatter-

ing cross-section is

Z Z e2 2

V B 2 E O e-

where we disregard the spin, and laboratory reference frame to center-of-mass

frame transformation. The mean square angular dispersion of a scattering pro-

cess becomes

<e2> = 2 e 2 . A n ! ^
bg mm t) .6 mm

where 6 . and 9 are the minimum cut off angle due to atomic screening and

the maximum cut-off angle due to the finite size of charge distribution respec-

tively. At high energy, 8m i n and 0max are given by 6^^. = tf/pR; 6 ^ = tf/pa

respectively, where p is the momentum, R is the nuclear radius and

-1 -1/3
a = 1.4 a Z K/m c is the atomic screening radius in the Thomas-Fermi

model and a is the fine structure constant. The mean squared angular dispersion

per unit tiiae is therefore given by

# In a 0C <0 >dt L% g bg bg
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where n is the number of residual gas molecules per unit volume. Assuming the

gas composition as above, we obtain

= 5.1 x 10" 1 3 rad2/h

for a gold beam at 100 GeV/amu. The rms betatron amplitude increment is 0.08 mm

after 10 hours of operation. Also note that the blow up rate is insensitive to

the beam species.

Beam-beam nuclear scattering. The interbeam nuclear reaction is the

central theme of the heavy ion collider. Yet this process contributes also to

the beam loss. The loss rate is given by

where we have 6 intersecting regions with luminosity L and a beam-beam nuclear

reaction cross-section Cf^ between particles. Using the luminosity of Table

IV-13 for 0 mrad crossing angle, we find the collision rate X_ listed in Table

IV-14 for A-A collision modes (e.g., Au on Au, I on I, etc.) or for p-A colli-

sion modes (e.g., p on Au, p on I, etc.) respectively.

In Table IV-14, we note especially that d-d has a high collision rate

because of its high luminosity and large radius (the deuteron has a mean square

2 5̂ —13
radius of <r >* = 2.1x10 cm). We note also that p-A storage collision modes

pose an important limitation on the life-time of the heavy ion beam because of

the high intensity proton beam. By comparing Aj and X in Table IV-14, one is

led to conclude that a pressure of P = 10 Torr

background in the intersecting experimental area.

led to conclude that a pressure of P = 10 Torr is essential to reach a clean

133



12Coulomb-dissociation of high Z nuclei. Recent experiments from the

Bevalac show that the cross-sections for single nucleon breakup reactions are

large at relativistic heavy ion energies. The phenomenon is interpreted as due

to the Coulomb excitation of giant dipole states and leads to single nucleon

breakup reactions. Extrapolation of the experimental results indicate that the

Coulomb-dissociation cross section for Au on Au is of the order of 30 J* 50 barn

at energies 10 - 100 GeV/amu. These extrapolated cross sections will be veri-

fied experimentally in the RHIC collider.

Using the extrapolated cross section (50 barns for Au on Au), we

calculate the beam intensity decay rate to be

X, = - Y ̂ J = (6 L CX^/B N_ = 16xl0"3/h .
J I at a

Using the dipole sum rule, the Coulomb dissociation cross-section can be shown

2 2/3
to be proportional to Z, Z2 . We list the extrapolated Coulomb-dissociation

reaction rate in column X, of Table IV-14 for A-A collision modes.

13
Bremsstrahlung pair production and subsequent electron capture. An

interesting process which can appear in RHIC is the reaction

A 79+ A 79+ . . 79+ . + . ( - . . 79+ xAu + Au •* Au + e + (e + Au ),

where the electron from the Bremsstrahlung pair production is recaptured into

the electron orbit of the colliding nuclei. Using the Weizsacker-Williams

(W.W.) formalism, the cross-section for pair production leading to a bound K

electron is estimated to be 160 barns for Au on Au at 100 GeV/amu collider

energy (80 barns for each of the intersecting beams). Allowing 25% increase in

cross-section for L, M, shell bound electron processes, we assign a total 200

barns (with 20% uncertainty) cross section to this process. Since only 100
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barns (the cross section for one of the beams) is directly related to tra beam

loss, we thus obtain the reaction rate to be X^ = 0.032/h, which is shown in

Table IV-14.

Because of the Bremsstrahlung of virtual photons in the atomic colli-

sion process, the energy loss can be estimated by integrating the inclusive W.W.

spectrum, i.e.,

A E = J i t o ) do = | z\ a 0-6811 Y » e
b .
mm

where b . - a_ , = Z, a tf/m c . Thus the r e l a t i v e energy loss i s given
nun Bohr b e

by

_ 2 ,3 a 2 ° - 6 8 1 1 me
E TT b m ^

2 197
where m^ = 931 MeV/c*" i s t he atomic mass u n i t . For Au ion , we obta in AE/E

-5 —3

=* 3x10 , which i s small compared to the bucket s i z e dr 2.7x10 a t Y = 100>

see F ig . IV-12) . We conclude tha t the energy loss due to Bremsstrahlung i s not

an important fac tor in the design of the heavy ion c o l l i d e r .

Remarks on beam l i f e t ime. In t h e presence of intrabeam Coulomb sca t -

t e r i n g , t h e phase space d e n s i t y of the bunch w i l l be d i l u t e d . Since the beam

l i f e t ime l i m i t i n g e f fec t s discussed he re depend on the beam dimensions, t he

ac tua l beam l i f e t ime w i l l be longer . An approximate a n a l y t i c a l expression

for the t ime dependence of the beam i n t e n s i t y was derived

where A. is the initial reaction rate and A is the average emittance blow up

rate, assumed to be constant
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Analysis of the intrabeam Coulomb scattering in the case of gold gives

A = 0.15/h, which is much larger than the X Q values in Table IV-14. One finds

therefore that the current after 10 h is still 77% of the initial value instead

of the 61% which is obtained without this correction,

vi:' . Beam Set-up Procedure

RHIC's finite luminosity lifetime makes it necessary to periodically

replace its deteriorating circulating beams with fresh ones. This procedure

takes time and affects, therefore, the final integrated luminosity per machine

cycle. It also involves the AGS because it interrupts its normal function a3

proton accelerator. These interruptions will last on the order of 120 AGS

cycles, i.e., as many as necessary to fill 57 rf buckets in each BHIC ring plus

a few for diagnostic purposes, and will occur once per BHIC cycle. One expects

therefore that normal AGS operations will be interrupted during some 5 minutes

every 12 hours or so at scheduled times.

The optimum cycle time of BHIC will be long for light ions at high

energy and short for heavy ions at low energy; the perturbation of AGS opera-

tions caused by the former will be very small while the effect of the latter may

be severe.

The beam replacement proceeds in a sequence of steps. The existing

circulating beams are discarded, the magnet excitation is reset for. injection,

injection occurs. The injected beams are accelerated to the desired energy.

The optics are adjusted to provide the desired experimental conditions in terms

of crossing angles and B values and finally the beams are made to collide by

relative adjustment of their rf phase angles and/or closed orbit bumps at the
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crossing points. Under normal conditions the whole procedure will be executed

automatically under control of a computer and is expected to be accomplished in

about ten minutes. CERN's ISR and SPS Collider require about twelve hours for

this process. However, each of these machines is very different from RHIC. In

the ISR very high current beams coasted for long times and very sophisticated

methods were needed to obtain and maintain them. In the SPS Collider a proton

beam and an antiproton beam rotate in opposite directions simultaneously. RHIC

resembles a conventional synchrotron operating with a long flat top. Intrabeam

scattering will erase long term memory, possibly leaving small errors, e.g.,

small injection errors without much consequence. Betatron frequencies must be

controlled to 0.001 of a unit at all times and everywhere within the volume of

the beam envelope. It is planned to use the computer as an essential component

of the machine increasing the rate for adjustments to the maximum that physics

allows or the equipment can tolerate and ensuring that all steps of the cycle

are executed in proper sequence and manner every time. This is particularly im-

portant because the cycle is complex and long compared to those in conventional

accelerators. It is worth noting that it is largely independent of the ion

species and of the choice of operating energy. Some critical steps in this pro-

cess are discussed below.

One step is to restore the magnets to some reproducible reference con-

dition and to erase their magnetic memories at the beginning of each new RHIC

cycle. The field configuration that results must be checked because enough time

has elapsed since the previous injection for drifts in power supply

calibrations, temperature distributions and machine geometry to have occurred.

The check is performed by observing, by means of the beam position monitors, the

behavior of a single bunch injected for this purpose while it is accelerated
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and decelerated across the aperture and forced to perform coherent betatron

oscillations. This yields a field map described in terms of closed orbit

shapes, amplitude functions, betatron transfer matrices for the individual arcs

and half insertions and betatron frequencies, all as functions of closed orbit

location and betatron amplitude. Deviations of actual parameter values from ref-

erence values are caused by deviations of the actual field relative to some ref-

erence field. The measured deviation can be manipulated by computer to yield:

a calibration of the bunch energy, and thus of the AGS extraction system; a mea-

sure of the phase error between the rf systems of AGS and RHIC; and detailed in-

formation about the deficiencies in various multipole distributions. The com-

puter will have to keep account of malfunctioning equipment, e.g., broken beam po-

sition monitors, and to work around it, by checking the self-consistency of the

data and by taking advantage of redundancies. It will signal suspected and

confirmed malfunctions so that corrective action can be taken. This operation

can be completed in a few minutes per ring.

The next step is to fill the appropriate buckets in one of the two

rings with bunches, "boxcar" fashion, one per AGS cycle, or eleven per cycle in

the case of protons. The behavior of each newly injected bunch is monitored.

Measured errors in injection parameters are used as required to update the set-

tings of AGS extraction and RHIC injection equipment. The errors themselves are

corrected by fast analogue feedback if they are small enough; if they are too

large or if the bunch is deficient in other respects, e.g., by being low in inten-

sity, that bunch is discarded in the beam dump and replaced by the next one that

arrives from the AGS. The process stops when all allocated buckets have been

filled. At that time the field distribution in the ring is as close to the ref-
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erence distribution as it can be made to be with the available correction mag-

nets and the .circulating beam is virtually free of errors.

Now the second ring can be filled. The polarity of the beam switching

magnet in the transport line is inverted so that the bunches travel now to the

second ring and the rf phases of the two rings and of the AGS are adjusted to

ensure proper relative phasing of the AGS and the first ring relative to the sec-

ond one. Filling it follows, employing the same procedure as before.

Matters are more complex if the charge to mass ratios (i.e., Z/A values)

of the ions in the two rings are to be different. As described in Section IV.2

on the lattice, the rings are identical and unavoidably coupled by the BGl mag-

nets in the insertions. It appears necessary that BZ/A, the product of the mag-

netic field and the charge over mass ratio, be essentially identical in homolo-

gous magnets in the two rings, except in the BC1 and BC2 magnets. Different Z/A

values imply therefore different magnetic fields. This poses a problem because

injection occurs always in the same field B- ., regardless of Z/A. B. . is

close to the lowest practical B available and cannot be chosen lower by the fac-

tor <^2. 5 that would be required to cover the applicable range of Z/A values. *

The problem is solved by filling the ring for ions with the lower Z/A value

first. Then we accelerate in it until (BZ/A)j = Bin- (Z/A)2, while leaving the

fields in the second ring at injection levels. The acceleration is halted at

this point, the AGS is switched tc the lighter species, the second ring is

filled and acceleration to operating energies follows in both rings.

When the beams approach their operating energies, the acceleration is

stppped by reducing the various B's to zero. This is done adiabatically on the

time scale of the synchrotron oscillations (fg ̂  50 Hz) so that the rf system

and the bunches have time to adjust. Once the machine has settled down the
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closed orbit and the distributions of betatron and synchrotron frequencies are

measured, the latter two by frequency analysis of the beam signal, i.e., without

inducing coherent motion. The closed orbit is corrected by adjustment of rf fre-

quency and correction dipoles, the betatron frequencies via the quadrupoles in

the arcs. Since the rf frequency must be the same in the two rings to preserve

synchronism its use is restricted to correcting the sum of their averaged closed

orbit errors. Complete control requires differential adjustment of the main

fields of the two rings; it may be desirable to avoid that. Only experience

will tell us to what extent these (automatic) corrections are useful or neces-

sary in routine operations. They require little time however (a minute or so)

and the necessary equipment has to be available and installed in any case.

The final step is the preparation of rings and beams for data taking.

This involves relative adjustment of the rf phases in the two rings in order to

induce collisions and the adjustment of the insertion optics, which so far have

been optimized for injection and acceleration, to suit the experiments. Any

changes must be made without changing the betratron frequencies by more than

0.001 at any time and without serious, even temporary, increases in the existing

stopband widths. This means that many parameters will have to be changed

coherently and simultaneously but according to different laws. One approach is

to subdivide the total change into a sequence of small increments. All parame-

ter changes associated with a particular step are calculated in advance and

implemented simultaneously and adiabatically on the time scale of the betatron

motion. We intend to rely on reproducibility in all aspects of machine opera-

tion. Using this we can develop the program of changes in advance and try it in

a machine set-up session. The accuracy of the computer simulation will in-

crease, because of the feedback from experimental data, eventually to the level
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that individual-users can be allowed to adjust their crossing point conditions

to their requirements at any time during data taking. Reaching this level of

expertise should not take long, perhaps a half year.

It is important to note that this set-up procedure need not divert

large blocks of time from high energy proton running at the AGS. Provided that

the AGS and Booster can be switched quickly enough from protons to heavy ions,

it will be possible to perform the injection adjustments for RHIC with pulses of

protons extracted from the regular acceleration cycle for fixed target proton

running. When these adjustments are complete a rapid switchover to heavy ions

is made for stacking and acceleration in RHIC. This switchover must be quick

enough (ideally, on a pulse-to-pulse supercycle mode) so that the injection line

tune remains fixed. Proton running in the AGS would then be interrupted only

for a few minutes during each refill of RHIC. This mode of operation will re-

quire certain improvements in the power supply systems for the AGS and Booster.

Presently, under Accelerator Improvement Project funding, it is

proposed to improve the AGS Main Magnet power supply (Siemens: M-G Rectifier

Set) to provide flexibility of cycles with very short set-up times. Various

pulsing cycles will be stored in a computer and called up very readily. This

will be done to accommodate proton (SEB & FEB), heavy ion (SEB) and polarized

proton (SEB) acceleration.

The Booster, on the other hand, in its current proposed version-has a

power supply system that provides either full current at reduced voltage for a

slow (1 Hz) heavy ion acceleration cycle, or full voltage at reduced current for

the faster (10 Hz) proton acceleration cycle. The switchover between these two

modes could be accomplished by automatic transfer switches in a time of the

order of 1-2 minutes. With the purchase of more power supplies (twice the
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proposed number) this mode switch would not be necessary, and the switchover

from protons to heavy ions could be accomplished in seconds,

viii. Future Improvements

The design of RHIC which is described in this proposal is conservative

in the sense that a decision was made to attempt neither to maximize the luminos-

ity, nor to minimize the interaction "ength. We firmly believe that the RHIC de-

sign will allow improvements in the future, not all of which are now recognized.

A period of operation, during which basic experimental information about the ma-

chine parameters is acquired, should clarify how to improve the integrated lumi-

nosity, for example. However, even now there are some ideas which show, in a

general way, how improvements might be made.

Our design is based on a current of 200 ]iA from the Tandem, which

matches the optimum injection energy into the Booster of ̂ 1 MeV/amu. Ion source

experts feel that it may be possible to produce as much as 400 ]ik of heavy ions.

Currents in excess of 500 UA have already been demonstrated for ions such

12 •"as C. With this current an added acceleration section, a Linac for example,

would be needed to inject ions into the Booster at ̂  1.7 MeV/amu, the new

optimum value, in order to avoid space charge problems. Naturally with higher

current, space charge effects may complicate the process of reaching higher lumi-

nosity, especially for the heaviest ions.

The luminosity can also be increased by an increase in the number of

bunches in the ring. Our present design calls for 342 rf buckets per ring of

which only every 6th one, for a total of 57, will be carrying a bunch. This

choice minimizes the cost of the injection kickers by allowing long kicker

switching times; that cost increases steeply when those times are decreased.

The present arrangement imposes a maximum switching time of about 190 nsec,
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about the length of five buckets or rf periods. If it is made sufficiently

shorter, more buckets could be filled. There are two. restrictions however. One

is that the pattern of charged buckets around the ring should have threefold

periodicity in order to guarantee that each bunch collide with an opposing bunch

in each crossing point every revolution. Another constraint is that multiple

collision points in the experimental regions must be avoided. These occur in

intersection regions that have been set up for head-on or small-angle operation

if the length of the colinear region is longer than the particle-free distance

between successive bunches. In the present arrangement the beams are separated

by the BG1 magnets on each side of the crossing points. They are physically sep-

arate at some 11.50 m from the crossing point under colinear conditions,

therefore requiring a particle-free space S- > 23 m. Since towards the end of

a storage cycle the bucket length of 11.2 m is almost filled with ions, two

empty buckets between bunches are required for head-on collisions. This can be

relaxed, if necessary, by accepting a finite crossing angle or by moving the BC1

magnet somewhat closer to the crossing point. Table IV-15 gives the maximum 0-

99% kicker rise time, T, allowable for filling every n bucket and the luminos-

ity multiplier, Mj^. Note that intrabeam scattering is unaffected by this proce-

dure. However, the average beam current would be increased and so would the

total energy stored in the beam. The filling time would also increase linearly

with the total number of bunches.

Increasing the rf voltage could also be advantageous, since it would

shorten the bunch length and hence the interaction length for head-on

collisions. Higher rf voltage would also improve the average luminosity by

increasing the bucket height, thus reducing ion losses.
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Table IV-15. Future Luminosity Gain

n

57

66

84

114

171

B

6

5

4

3

2

x(nsec)

196

159

121

84

46

ML

1

1.2

1.5

2

3

SB(m)

56.

45.

34.

23.

12.*

incompatible with zero angle crossing

The addition of a small linac post-accelerator which could be

installed in the Heavy Ion Transfer Line tunnel, close to the tandem, would pro-

vide a cost effective enhancement of the RHIC capabilities. For an additional

20 MV acceleration voltage the luminosity of the colliding gold beams could be

increased by a factor of 4 to 5 and uranium beams which cannot otherwise be

accelerated would become available. Even though there are questions about the

survival of uranium beams in the collider mode due to the susceptibility to Cou-

lomb fission, there would stfll be considerable interest in these beams for

fixed target studies at AGS and RHIC energies.

This device could be an almost identical copy of a linac developed at

the Munich University as a post accelerator for their MP tandem. The linac con-

sists of two tanks approximately 3m long and lm in diameter, each of which is a

single resonator with many accelerating gaps. This structure is known as an

interdigital H-type structure, and has a very high shunt impedance in the veloc-

ity range of interest. The stripping of the heavy ion beams would take place at

the exit of the linac. In the case of gold beams, the linac would increase the
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energy of injection to the booster from 1.07 to 2.39 MeV/amu and the charge

state from 33 to 44, resulting in a 25% increase of the space charge limit in

the Booster. Due to their higher charge state, the gold ions would then ba

accelerated in the booster to a higher energy, 521 MeV/amu, resulting in an

enhancement of the stripping efficiency in the last foil by a factor of about 2

and an equally larger number of stored ions in the collider.

Protons are a special case. For example, at the level of 10 protons

per bunch, intra-beam scattering has little effect. We have limited the number

of protons to 10 per bunch in order to keep the beam-beam tune shift at a rea-

12
sonable value, although 10 protons per bunch are currently available at the

AGS. In this proposal, the peak luminosity for proton-proton collisions is

31 -2 -1 32 —2 -1

J"IO cm sec . It should be possible to increase this to ̂ 10 cm sec by

using more bunches per beam and by increasing the number of protons per bunch

while adjusting the beam parameters so as not to increase the beam-beam tune

shift. The low-impedance rf cavity design under investigation would accept the

higher number of protons per bunch without causing beam loading problems.

According to present theory the emittances of the beams that circulate

in RHIC must be expected to increase with time, primarily due to intrabeam scat-

tering. The luminosity will decrease accordingly and the luminosity lifetime

will be limited. During the last decade stochastic cooling has been developed

into practical means for reducing beam emittances without attendant serious loss

of particles. Used in RHIC its function would be to control the emittance

growth mainly due to intrabeam scattering so as to keep the beam dimensions well

within the magnet aperture and to lengthen the luminosity lifetime. One ex-

pects that a stationary and stable equilibrium density will develop when the

growth rate due to intrabeam scattering just matches the damping rate due to



cooling and that the density will increase with increasing damping rate. That

equilibrium distribution may not be normal because the scattering occurs primar-

ily in the dense centers of the beam bunches, while the damping is particularly

effective for their less dense outer layers. It follows that damping should

suppress developing halos and should therefore reduce background originating

from the interaction of stray particles with accelerator hardware. Of course in

RHIC the beams are bunched and this requires a careful analysis of the cooling

features. Fortunately, the azimuthal particle densities are relatively low and

the electrical charges of the individual particles high for the species most

effected by intrabeam scattering. A system bandwidth of several GHz is believed

adequate and good signal-to-noise ratios are expected.
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IV.4 Magnet System

i. Overview

The RHIC lattice is designed so that it fits into the existing tunnel

of 3.8 km circumference. The lattice is divided into 6 arcs and 6 insertions

for each of the two rings. The magnet system is designed to allow operation in

the energy range from 7 to 100 GeV/amu with equal as well as unequal ion species

in the colliding beams. Operation with different ions requiring a ratio of up

to 2.5:1 in the magnetic fields of the two rings will be possible. The

197

superconducting magnets are optimized for heavy ion (in particular Au) opera-

tion with beam energies between 30 and 100 GeV/amu. Operation with somewhat

degraded performance will be possible down to 7 GeV/amu. Operation above 100

GeV/amu might be possible, depending upon ultimate magnet performance.

Besides reaching fields with substantial margins above the required field

range, all of the RHIC magnets must meet stringent requirements on field qual-

ity, reproducibility, and long-term reliability. Existing technology will be

used for the magnet design and construction, measuring and analysis procedures,

cooling method, quench protection, instrumentation, and quality control

standards. Where feasible, further improvements that may be developed and

tested during the present R&D phase will be incorporated into designs and fabri-

cation methods. The magnets will have laminated iron yokes of circular cross

section. The sLngle-layer coils, made of Rutherford-type superconducting NbTi

cable, are wound to closely approximate an ideal "cos 0" current density distri-

bution. A large number of similar magnets have been built successfully at

Fermilab (Tevatson) and BNL (CBA R&D), and are presently being built for DESY

(HERA) in Europe. Magnets of the cos 8 type have been chosen for the SSC being
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proposed in the United States, and a number of R&D magnets for this project have

been built and successfully tested.

Single-layer coils suffice to provide the necessary field in most of

the magnets, except in the special high-field, large-aperture dipoles (BCD and

large-aperture quadrupoles (Ql, Q2, Q3) required for the insertions, where two-

layer coils will be necessary.

There are 372 dipoles, 492 quadrupoles, 288 sextupoles, 24 skew

quadrupoles and 492 magnets for correction of field perturbations. Most of the

dipoles are in the arcs and have a yoke length of 9.7 m with an inner coil diame-

ter of 80 mm, which is also the diameter of the arc quadrupole coils of 1.35 m

physical length. Lengths, and in some cases the aperture of the insertion mag-

nets, differ to meet specific design requirements. The dipoles are bent to a ra-

dius of 250 m, except for BC1 which is straight. If the dipoles were not bent,

their aperture would have to be increased by 47 mm, increasing their cost consid-

erably. The heavy ion beams require a "good field" aperture of about 64 mm,

within which total field perturbations amount to less than 0.02%.

The feasibility of bending the magnets to a larger curvature than used

heretofore has required some tests: 1) A previously tested CBA R&D magnet was

bent and retested. I ts performance was unaffected by bending. This was a strin-

gent test since the CBA magnets had two-layer coils with an inner coil diameter

of 130 mm. 2) Several Tevatron-type inner coils (of 75 mm inner diameter) were

obtained from Fermilab, one of which was inserted into a CBA yoke adapted to the

correct coil diameter by means of laminated iron spacers. The assembly was then

bent, and the magnet reached the predicted field without training. 3) Four of

the Fermilab coils have been collared at DESY, inserted into bent HERA yokes at

Brown-Boveri, West Germany, and returned to BNL for testing. Two of these were
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assembled with aluminum collars between coil and yoke, and two with iron

collars, providing further experience with alternative methods of assembly.

Aad.'tional R&D magnets include the following: 1) A 4.5 m long dipole

has been constructed and successfully tested for field performance and field

quality late in 1985. 2) A full-length dipole is under construction, including

tooling for coil winding and curing, yoke assembly and compression, and stain-

less steel support tube bending fixtures. This magnet will be tested in the

fall of 1986. 3) Several additional R&D dipoles of a similar design will be

built industrially making full use of tooling for HERA magnets, which have dimen-

sions similar to those of the RHIC magnets.

Preliminary designs for quadrupoles, sextupoles and correctors exist.

Construction of model magnets will begin in FY 87. Conceptual analysis of inser-

tion magnets is proceeding. Tests of a "full cell" of magnets will begin in FY

88. System tests will eventually consist of a "magnet string," a system of two

dipoles and two quadrupoles with sextupoles and correctors, all interconnected

electrically and cryogenically.

In addition to the tunnel, large refrigerator, and other major

facilities already existing at BNL, many facilities are available for R&D magnet

construction. The latter would be used for production of some of the RHIC

magnets, but vigorous participation by industry is expected, not only for

supplying materials such as superconducting cable, iron laminations, etc., but

also for production of complete dipoles, quadrupoles, and correctors that would

be required to complete the production schedule.

Facilities that exist at BNL include superconducting wire and cable

measuring equipment, coil winding and curing fixtures, large assembly areas, and

a complete magnet performance measuring installation, backed by highly developed
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data reduction and analysis capabilities. A large amount of experience has been

accumulated in the utilization of these many unique facilities.

The following sections describe in more detail the various aspects of

the magnets mentioned here. A magnet construction schedule is also given. Cost

estimates are included in the last chapter of this proposal,

ii. Magnet Inventory

The majority of the magnets are contained in the regular arcs; these

and Lhe special magnets associated with the insertions are enumerated in Table

IV-16. The insertion magnets are discussed in more detail in Section IV.4.vii.

Figure IV-23 shows the layout of a regular arc half cell; each ring contains 144

such half cells, or 12 full cells in each of the 6 sextants in a ring. In the

regular arcs the magnets for the two rings are independent (magnetically,

cryogenically, and mechanically), and are separated radially by 900 mm. As can

be seen from the figure, a half cell is composed of one 9.7 m long dipole, one

1.35 m long quadrupole, a sextupole, a correction package, pick-up electrodes

and other smaller components. The major subsystems are discussed in detail else-

where: the electrical systems (including quench protection system) in Section

IV.5, the cryogenic system in Section IV.6, and the vacuum system in Section

IV.7. Except for the correction packages, the magnetic components in all half

cells are identical. These components are individually described in detail

below.
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Table IV-16. RHIC Magnet Inventory

Regular Arc Components

Dipoles
Quadrupoles
Sextupoles
Correctors

Insertion Components

Standard Aperture Magnets
Dipoles
Quadrupoles Q4-Q9
Sextupoles @ 09
Correctors

Large Aperture Magnets
Dipoles (BCD
Dipoles (BC2)
Quadrupoles (Q1-Q3)
Correctors
Skew quadrupoles @ Q2 or Q3

Totals

Dipoles
Quadrupoles
Sextupoles
Correctors
Skew quadrupoles

288
276
276
276

48
144
12
144

12
24
72
72
24

372
492
288
492
24

14.81 m

QUADRUPOLE DIPOLE SEXTUPOLE

CORRECTORS

PICK UP ELECTRODES/

Fig. IV-23. Layout of a regular arc half cell,
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iii. Arc Dipoles

The largest component of the half-cell is the dipole. The design

chosen uses NbTi superconducting cable in a single-layer cosine theta coil to

generate the moderate (3.45 T) operating field. The cross-section of the dipole

coil and its support is shown in Fig. IV-24. Both the beam pipe and the iron re-

turn yoke are cooled to the nominal operating temperature of 4.5K. The coil con-

finement is by the "cold iron" yoke. The helium containmert vessel, a stainless

steel shell enclosing the cylindrical yoke, is also a load bearing part of the

yoke assembly. The entire yoke assembly is bent to a 250 m radius of curvature,

instead of the 244 m bending radius of the particles, to maximize the usable

aperture. The vacuum vessel is conventional in design, with space for helium

supply and return headers. Significant parameters of this dipole design are:

effective length 9.460 m; operating field 3.45 T; coil bore (i.d.) 80 mm;

radius of curvature 250 m. Further parameters are presented in Table IV-17.

Because the dipoles are essential to successful operation of the collider, and

much of the associated technology is used in constructing the other magnetic

devices, their components and construction techniques are described in some

detail in the following sections.

Superconductor. The conductor is very similar to that used for the

2
outer coils of the dipoles for the Superconducting Super Collider (SSC).

The superconducting cable consists of 30 strands of 0.65 mm wire, cabled,

keystoned and insulated as shown in Fig. IV-25. Each of the strands contains

about 6000 NbTi filaments embedded in copper which occupies about 64% of the

cross section. The parameters for the wire and cable are given in Table IV-18.

As a result of improved heat treatment methods, the current density in the NbTi

superconductor has already been increased by 30% above the values realized
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STEEL
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39.94-H
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STAINLESS STEEL HELIUM
CONTAINMENT VESSEL

LAMINATES
IRON YOKE

POLE PIECE AND
INSULATOR

(RX-6301

MAIN
SUPERCONDUCTING

COIL

HIGH VACUUM
CHAMBER

Ri=4.00cm
R:=5.00cm
R3=5.46cm
R,= 13.33 cm

BUS SLOT

Fig. IV-24. Dipole cross sections.
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Table IV-17. Dipole Construction Parameters

Effective Length

BQ, Minimum Operation

BQ, 100 GeV/amu

B , Quench Field

Bore Tube, Inner Radius

Outer Radius

Coil, Inner Radius

Outer Radius

Overall Length

Iron Yoke, Inner Radius

Outer Radius

Length (iron)

Length with End Plates

Radius of Curvature

Sagitta

Weight

Assembly Prestress

Room Temperature

Cold (after relaxation)

9.460

0.24

3.45

4.6

36.45

38.10

39.94

50.01

9.57

54.61

133.3

9.637

9.70

250.

47.2

3200

10

6

m

T

T

T

mm

mm

mm

m

mm

mm

m

m

m

nun

kg

kpsi

kpsi

for the Fermilab Tevatron and CBA superconducting R&D magnets. Also, it is

now possible to manufacture superconducting wire with filament sizes of 5 jim

or less, still maintaining high current density in the superconductor portion

of the v?ire. The specifications for the wire are given in Table IV-18.
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The minimum critical current given in Table IV-18 is defined at a tem-

-14

perature of 4.22 K, a resistivity of 10 Q,*m based on the total wire cross sec-

tion, and with a 5T magnetic field perpendicular to the wire axis. This current
2

corresponds to a current density in the superconductor of 2400 A/xam at 5 T.

Samples of wire with the specified filament size of 5 \Xm have been measured with

current densities above 2800 A/mm , so there is confidence that the specifica-

tion can be met and even surpassed. Small size of the NbTi filaments is impor-

tant in order to reduce two effects. During field ramp-up, magnetization cur-

rents are induced in the filaments, leading to field perturbations, especially

during the critical beam injection phase when the fields are low, and to heat

production, reducing the current carrying capability of the superconductor.

Since the total RHIC ramp-up time is only 60 sec, the latter effect can become

significant. Another effect during ramp-up is that produced by eddy currents

passing between adjacent strands of the cable. Such currents pass from the NbTi

filaments through the resistive copper and strand surface coatings, and thus

also produce significant amounts of heat in addition to field perturbations.

The superconducting wire is fabricated into a flat Rutherford-type

cable with a keystone shape, as shown in Fig. IV-25. The cable design is the

same as that for the outer coil of the SSC Reference Design D magnet. After

the cable is manufactured it is scrubbed, vacuum-cleaned, passed through an ul-

trasonic degreaser, and insulated. The planned insulation, Kapton followed by

fiberglass/ epoxy, has been routinely used at BNL for the CBA and SSC magnets-

It is sufficiently strong to maintain good electrical insulation during routine

coil-handling and assembly, yet flexible to allow proper sizing of the coils,

accommodating statistical variations of the dimensions of the bare cable while

maintaining overall coil size.
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Table IV-18. Parameters for Superconducting Wire & Cable

Wire

Critical current*

Critical current density*

Copper-to-superconductor ratio

Wire diameter

Filament size

Number of filaments

Cable

Critical current*

Number of wires

Cable twist pitch

Keystone angle

Cable width (bare)

Thick edge thickness (bare)

Thin edge thickness (bare)

Mid-thickness (bare)

Cable width (insulation compressed)

Thick edge thickness (insulated)

Thin edge thickness (insulated)

>282

2.4

(1.8 ± 0.1):l

O.bte ± 0.003

5

6000

7.19

30

74 ± 2.5

1.2 ± 0.15

9.73 ± 0.03

1.270 ± 0.013

1.021 + 0.013

1.166 ± 0.013

10.06

1.463

1.168

A

kA/mm

nun

kA

deg

inm

mill

nnti

mm

TTPH

TTflTI

mm

*lx lO~ 1 4 ft»m @ 5 T & 4 .2 K
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NbTi COMPOSITE WIRE:
DIAMETER 0.648 mm-,
~6000 FILAMENTS
~5^m DIAMETER EACH;
Cu SC= I". 8:1

INSULATION:
a) KAPTON; DOUBLE

LAYER, EFFECTIVELY
0.05mm THICK

b) FIBERGLASS-EPOXY;
EFFECTIVELY
0.10mm THICK

MEAN THICKNESS
1.3 mm

KEYSTONE ANGLE -1.2°

Fig. IV-25. Cross section of superconducting cable.

157



Coil. The cos 9 coil design consists of a single layer of 33 turns

per half-coil. A cross sectional view of the coil is shown in Fig. IV-24, which

gives some of the details of the coil design. The angles defining the conductor

blocks have been calculated to produce negligible harmonics as high as the 30-

pole. These harmonics are discussed in Section IV.4.viii. Th<» coil is wound on

a convex mandrel by an automated winder. This technique was developed at

Fermilab for quadrupoles and has been further developed at BNL for both CBA and

SSC magnets. The mandrel is constructed of precision-stamped laminations.

After winding, the mandrel with the coil attached is transferred to a concave

molding fixture, where the assembly is heated to 130°C under high pressure (10

kpsi). By repeated curing cycles (if necessary) it is possible to control the

final dimensions of the coils to 0.15 mm. Because the maximum voltage across

the magnet during a quench appears across the midplane gap between the two

coils, an additional layer of Kapton insulation is installed here to protect the

midplane of each coil. The coils are seated in a precision-molded glass-

phenolic insulator which is keyed into the yoke laminations. The smaller forces

generated in a single layer dipole of moderate field make it practical to use a

single piece which serves both as the pole piece and radial insulator, instead

of the multi-piece assembly common in two-layer dipoles. This reduces the com-

plexity of the construction and avoids eddy currents and magnetic problems

associated with metallic pole spacers. For the field accuracies required here

a conductor placement of better than 0.05 mm rms is needed. The use of preci-

sion-molded parts allows transfer of the accuracy achievable in the die-stamped

yoke laminations to the conductor placement.

Yoke. In this cold iron design, the yoke provides: 1) a magnetic re-

turn path which increases the central field by 60%; 2) a mechanical restraint
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against the Lorentz forces generated in the magnet; 3) a precision fixture for

accurately positioning the coil; 4) shielding to eliminate interbeam magnetic

interference.

The yoke laminations are punched from 1.5 mm thick decarburized iron

-4
sheet. The rms toleranca of 5 x 10 for the field integral over the length of

the dipoles requires that the weight of iron in the yoke be controlled to within

0.02%. To achieve this, the laminations that make up a yoke are weighed and

adjusted to this tolerance. The yoke laminations are then compressed with longi-

tudinal rods to maintain the proper length and are assembled in a press with the

coil between the upper and lower halves.

In the room temperature assembly of the magnet, it is necessary to

preload the coils to approximately 10 kpsi. Due to effects of stress relaxation

and differential thermal contraction between the coil assembly and yoke during

cool-down, the preload is significantly less (J*6 kpsi) at the operating tempera-

ture of 4.5 K, but adequate to maintain coil compression against the pole piece

under the action of the Lorentz force when the magnet is energized. In the

production magnet design, the coil is compressed between the top and bottom

yoke halves which are welded in the midplane, as shown in Fig. IV-24. The

coil-yoke assembly is then placed in 4.8 mm thick shells of stainless steel

which are welded in place. These shells perform a number of functions. They

constitute the outer jacket of the high pressure (300 psi) helium containment

vessel. They compress the yoke halves at operating temperature, which is

achieved through the differential contraction of the stainless steel relative to

the iron yoke, and relieve the stress on the yoke midplane welds at low

temperatures. They provide longitudinal support for the yoke. Finally, they es-

tablish the curvature of the yoke assembly.

159



The design of this machine uses separate main electrical bus systems

for the dipoles and quadrupoles. In addition, many leads of lower current must

be provided for the sextupoles and correctors. These leads are housed inside

insulating pultrusions in the bus slots at the top and bottom of the yoke (refer

to Fig. IV-24). The cooling flow for the coil is provided by the annular space

between the bore tube and the coil. The symmetrically placed round holes pro-

vide passages for helium flow. These large by-pass holes in the yoke are

required to provide the mass flow to cool the whole magnet string without exces-

sive pressure drop. The location of the mechanical axis is accurately

referenced to the magnet support stand in the tunnel through the compacted sup-

port post design, to be discussed later.

Bore Tube. The collider is designed with a cold bore beam tube and no

internal correction coils. The bore tube is made of stainless steel, with inner

radius 36.45 mm and outer radius 38.10 mm. It is centered inside the coils with

longitudinal G-10 spacers, which also serve to define the helium cooling space.

Interconnections. The stainless steel helium containment vessel

(inner radius 133 mm) will be continued between magnets with bellows for thermal

contraction and alignment. The electrical connections between magnets will be

contained within this space. In addition to the electrical joints, these spaces

will contain the expansion joints in the bus-work, the quench protection diodes,

and the bellows for the beam tube. These must be double bellows with differen-

tial pumping to protect the very high beam tube vacuum (<10 Torr) from the

possibility of helium leaks.
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Table IV-19. Cryostat Parameters

Vacuum Vessel, Material Steel

Vacuum Vessel, o.d. 610 mm

Vacuum Vessel, Wall Thickness 6.35 mm

Vacuum Vessel, Length 10 m

Helium Supply Pipe, o.d. 42 mm

Helium Return Pipes (2), o.d. 73 mm

Layers of Insulation (total) 40

Support Interval 3.2 m

Load per Support 1300 kg

Cryostat. The cryostat housing the dipole cold mass consists of the

vacuum vessel, heat shields and magnet support system as shown in Fig. IV-26.

The vacuum vessel is fabricated from standard 610 mm (24-inch) diameter by 6.35

ran (1/4-inch) wall carbon steel pipe. The cold mass is supported at several

positions by means of a compacted post type of support developed at FNAL for use

with the SSC dipole and quadrupole magnets. The compacted post support and

method of attachment to the cold mass is shown in more detail in the magnet

cross section drawing, Fig. IV-26. The thermal insulation is provided by an alu-

minum radiation shield (maintained at 55 K average temperature) and blankets of

multi-layer aluminized Mylar sheets (superinsulation): approximately 10 layers

of superinsulation inside the heat shield and 30 outside. The existing helium

refrigeration system is designed for this mode of operation. The vacuum vessel

will contain three helium headers for the two heat exchangers per sextant. An

isometric rendering of a complete half cell is shown in Fig. IV-27.
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RECOOLER
SUPPLY HEADER

He RETURN HEADER

Fig. IV-26. Dipole cross section including cryostat.
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ON

SINGLE LAYER
DIPOLE COIL

5 5 . K HELIUM
SHIELD SUPPL

BEAM TUBE —

-HELIUM BYPASS
CHANNEL

9.7 m LG

-DIPOLE MAGNET/HELIUM CONTAINMENT VESSEL
5m,m. tHk i<sckal

-INTERCONNECTOR
0.6 m LG.

PICK UP ELECTRODES

- MAGNET
L E , D S FOR CORRECTORS

^tUTERCONNECTOR

BELLOWS

Fig. IV-27. Isometric drawing of half-cell, including dipole, corrector,
quadrupole, sextupole magnets and interconnections.



Performance. The details of the field quality expected from these mag-

nets are discussed in Section IV.4.viii. The primary electrical and magnetic pa-

rameters are given in Table IV-20. From this table it is apparent that the mar-

gin of quench current over operating current (35%) is more conservative than is

common for such magnets. This margin would seem desirable in heavy ion machines

in view of the expected larger beam losses, but it may enable operation at a

higher energy with degraded performance, or at a higher temperature for improved

economy. Experience with the CBA magnets and the initial RHIC model magnet has

demonstrated that the quench limits can be predicted to ±2%, and that if care is

taken in construction and assembly, a cold—iron, high-compression magnet will ex-

hibit negligible training. Figure IV-28 shows the training performance of the

RHIC model magnet. The first quench was above the required operating field, and

after several training quenches a field near the short sample prediction was

reached. This very satisfactory performance gives confidence in the soundness

of the basic magnet design.

The measured field quality of the RHIC model magnet is as predicted.

With the exception of the normal decapole term, all multipoles are within an rms

tolerance of their nominal values. The decapole term is within two rms

tolerances. "Tolerance" here is defined as the predicted error based on random

errors in coil construction, normalized to CBA experience, and is the magnet

error being used in tracking studies of the RHIC lattice.
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Table IV-20. Dipole Operating Parameters

Effective Length 9.460 m

Transfer Function 0.756 T/kA

Inductance 43 mH

At 100 GeV/amu Operation

Current 4.56 kA

Field 3.45 T

Ramp Rate (60 sec) 0.05 T/sec

65 A/sec

Stored Energy 490 kJ

Stored Energy/Sextant 11.750 MJ

At Predicted Quench

Current 6.5 kA

Field 4.6 T
2

Current Density in Copper 1.05 kA/mm

Stored Energy 770 kJ

Peak Temperature 750 K

Preliminary data from the model magnet indicate that the "worst case"

quench in a production magnet should correspond to a value of /i dt (a quantity

which is related to the maximum conductor temperature during a quench) given

by 8.b x 10 A 'see, or a peak temperature of 750 K. This is well below the

1050 K damage threshold demonstrated in the CBA project. Hence a passive diode

protection scheme will be used. The operating parameters of this dipole lie

within the ranges successfully explored at Fermilab and BNL.
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15

Fig. IV-28 Quench data for 4.5 m long, single-layer, good field quality RHIC
dipole model.
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iv. Arc Quadrupoles

The quadrupoles are shorter than the dipoles, 1.35 m vs. 9.7 m. How-

ever, in the complete collider there are 492 quadrupoles compared with 372

dipoles. There are strong economic and technical reasons for maximizing

commonality of the designs for al l of the magnet types; thus the quadrupole is

based as much as possible upon the dipole design discussed above. Parameters

which have been chosen to be identical are: 1) superconducting cable; 2)

operating current; 3) cryogenic design; 4) bore tube; 5) one-layer coil; 6) coil

and iron radii; 7) yoku and vacuum vessel assembly. The quadrupole design is

based on four separate coils to generate the field. The quadrupoles,

sextupoles, correctors, and pick-up electrodes need to be accurately located

with respect to the beam and relative to each other. For this reason, they are

designed to form one rigid mechanical assembly, as shown in Fig. IV-29. Figure

IV-30 presents the cross section of the quadrupole.

The quadrupole coil is constructed in the same manner as the dipole

coil, with a winding mandrel of the same diameter and the same curing fixture.

The use of a two-block, one-layer coil would limit the available parameters for

minimizing the higher harmonics; thus a three-block configuration was chosen to

optimize the harmonics in the quadrupole. Because the quadrupoles have

a relatively small length-to-aperture ratio the four-coil design was chosen in

preference to a two-coil design. With these constraints, the coil configuration

shown produces negligible harmonics up to the 28-pole. The detailed harmonics

are discussed in Section IV.4.viii.

The yoke is designed to be similar to that for the dipole; in particu-

lar , this means that i t is in two halves. The poles of the magnet will be
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SEXTUPOLE QUADRUPOLE CORRECTOR

IRON YOKES
STAINLESS STEEL

END PLATES

SUPERCONDUCTING
CABLE

SUPERCONDUCTING
WIRE

COMMON STAINLESS STEEL,
CONFINEMENT VESSEL

Fig. IV-29. Side view of quadrupole, sextupole and corrector magnet assembly.

GLASS-PHENOLIC
INSULATOR

STAINLESS STEEL
BORE TUBE

R = 39.94 mm-

R = 50.01 mm-

= 54.6I mm—«

R = 60.00 mm-

Fig. IV-30. Quadrant of quadrupole cross section.
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accurately located within the yoke halves by the slot in the yoke lamination and

the precision glass-filled epoxy insulators shown in the drawing. When the yoke

halves are tightly closed, these insulator segments are forced against the step

in the main yoke laminations. This method of assembly was developed for the

quadrupoles built for the CBA project. Once the coils and insulators are placed

inside the yoke halves, the quadrupole is mechanically identical to the dipole,

and will be assembled in the same manner (without curvature) with the same

tooling as the dipole magnets.

Performance. The principal electrical and magnetic parameters of the

quadrupole design are presented in Table IV-21. The quench margin (48%) is

larger than that for the dipoles, as a result of the decision to use the same

nominal operating current in the quadrupoles as in the dipoles. This has the ad-

vantage of allowing stronger focusing and higher tune, if so desired for opera-

tional reasons. The savings in material by increasing the current density in

the quadrupoles would be small, and the manufacturing simplification due to a

single conductor is desirable. The operating parameters for the quadrupoles, as

seen in this table, are less critical than for the dipoles. The quadrupoles

TJ£11 be more than adequately protected during a quench by a passive single-diode

system. Unlike other collider designs, the quadrupoles will be on a separate

electrical bus to allow extensive tuning. This separate bus also means that the

quench protection system for the quadrupoles does not have to dissipate the

stored energy of the dipole string. Focusing and defocusing quadrupoles will

have a 10% current by-pass to allow tuning off the diagonal.
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T,*ble IV-21. Quadrupole Operating Parameters

Effective Length 1.24 m

Transfer Function 14.78 Tm /kA

Inductance 3 mH

At 100 GeV/amu Operation

Current 4.56 kA

Gradient 67.4 T/m

Stored Energy 20 kJ

Stored Energy/Sextant 460 kJ

At Quench

Current 7.5 kA

Gradient 108 T/m
2

Current Density in Copper 1.20 kA/mm

Stored Energy 45 kJ

v. Sextupoles

To compensate the natural chromaticity of the machine and to correct

the sextupole generated in the dipoles, the sextupole magnets must be rather

strong, capable of JB" dJl = 800 T/m. Because there will be several families of

these magnets, it is desirable to design them for a relatively modest current.

This reduces the size of the bus work, power supplies, and cryogenic feed-

throughs. The concept chosen is shown in Fig. IV-31. This design uses accu-

rately stamped iron laminations for the yoke and pole tips and 204 turns of 0.5

mm diameter NbTi composite wire to generate the field. The iron laminations are

supported by stainless steel rails which are rigidly attached to the adjacent

quadrupole. The parameters of f.his sextupole magnet are listed in Table IV-22.
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Table IV-22. Sextupole Parameters

JB" dl

Effective Length

Number of Turns

Transfer Function

Current @ 100 GeV/amu

Quench Current

Burnout Current

800

0.75

204

10.6

100

^400

250

T/m

m

Tm~2/A

A

A

A

GLASS-
PHENOLIC

INSULATOR-

IRON YOKE

R = 45 mm-
R= 57 mm-

R=62 mm-
R = 90mm-

Fig. IV-31. Quadrant of sextupole cross section.

171



vi. Correctors

The third magnetic element in the half cell is the corrector package.

A cross section of the coil design for this element is shown in Figure IV-32.

The main function of this element is to to correct the random errors arising in

the rest of the arc; thus most of the elements will have to be Individually

powered. For this reason a large number of turns of single-strand conductor has

been chosen for the coil windings whose properties are listed in Table IV-23.

The lowest order correction is the dipole, or closed orbit term, arising princi-

pally from misalignment of the quadrupoles and rotational errors in the dipoles.

Alternate corrector packages are designed to provide 0.3 T#m of horizontal and

vertical dipole correction. The next random error terms needing correction are

normal and skew quadrupole terms, arising principally in the main dipoles.

Magnet shuffling/sorting may eliminate the need for a random quadrupole cor-

rection system. A b- correction capability has been included in the design and

and space has been left for additional higher order correctors. The alignment

of the corrector package with respect to the beam is crucial; for this reason it

is rigidly mounted to the iron yoke of the quadrupole and the pick-up electrode

assembly is also rigidly mounted to the corrector yoke. The coils are all

designed to operate at a fraction of their short sample limits, and the forces

and fields are comparatively low. The most demanding aspects of corrector con-

struction will be achieving the necessary winding accuracy, the logistics

associated with the installation of several different types of correctors, and

the large number of feed-throughs and electrical connections in the bus.

In addition to the corrector elements in the regular arcs, correctors

will be needed for the insertions. Most of these will be based on the same

design as those in the regular arcs; however those used in the high-beta regions

172



Table IV-23. Corrector Magnet Parameters

Magnetic Length
Iron i.d.
Iron o.d.
Conductor short sample
Conductor Diameter

Number of Layers
Turns per Pole
Coil Radius (mm-mean)
Operating Current (A)
CuCn) JO

(4.5 K, 1 T)

bo/ao

4
288
52
94
0.3 T*m

Val

2
66
48
56
1.5 T

0.5
120
180

<̂ 200
0.5

I

2
26
45
50

3600

m
mm
mm
A
mm

>3

T/m2

(Q1-Q3) will be constructed with a larger aperture. It is planned that, each

quadrupole will have an associated corrector magnet. The total number of

corrector yokes is therefore 420 with standard aperture and 72 with large

aperture. The location and count of corrector coils is given in Table IV-24.

For any particular corrector magnet, three correction coils are sufficient since

in no case are a^ and bg (or b, and a,) simultaneously required. However it is

apparent that there are several different combinations of multipoles required.

The construction technique will be to assemble the coils independently and se-

lect the multipoles needed for a particular element. The 24 skew quadrupoles at

Q2 & Q3 are large-aperture correctors in which all 3 layers are used to obtain

the required strength.

Tracking studies are in progress to determine if additional nonlinear

correctors, e.g. decapoles and higher harmonics, are required to increase the dy-

namic aperture. Furthermore, correction of field errors in the special inser-

tion dipoles BC1 and BC2 may be required, depending on the detailed design of

these magnets.
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Table IV-24. Correction Coil Location and Count Per Ring

Corrector Location Count Circuits

b 3

QF

QD

arc

arc

Q2

QF

QD

arc &

arc &

& Q9

& Q9

& Q3

arc &

arc &

insertion

insertion

Q9

Q9

123

123

111

39

24

123

123

Individual

Individual

4 x 6

2 x 6

2

1

1

INSULATOR

q/b | COIL
b3 COIL

BORE TUBE

a o / b o

288 TURNS

IRON YOKE

R=44.25 mm-
R= 47.25 mm-

R = 50.5 mm—*
R = 6 0 mm-

Fig. IV-32. Quadrant of corrector magnet cross section.
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vii. Insertion Magnets

The optical design of the insertions is more complex than that of the

regular arcs; the need to operate the two rings with large emittance beams of un-

equal rigidities, with a maximum ratio of 2.5:1, is a particularly severe con-

straint on the magnets near the crossing points. To maximize performance, many

of these units must be special purpose high performance magnets, with large

aperture, maximum field or gradient, and minimum length. The collider is

designed to operate with high luminosity from 30 to 100 GeV/amu, which requires

more capabilities than called for in the usual hadron collider in which high lu-

minosity is only required near maximum energy. The optical and magnet design de-

tails of the insertions are still being refined. The information in this sec-

tion presents plausible parameters, and the overall properties are not expected

to change significantly.

The detailed parameters of the insertion magnets consistent with the

present lattice design are given in Table IV-25. The salient features of these

magnets are noted below.

BC1: Two-layer, large aperture single dipoles. These are the magnets

closest to the crossing point, and the only ones common to both beams. As such,

they must have a horizontal aperture large enough to accommodate both beams.

To maximize luminosity, they must be as short as possible, necessitating a high

field and, consequently, a two-layer coil.

BC2: Single-layer dipoles. These magnets are separate, one for each

beam; cross-talk is an important constraint on their design. The single-layer

design chosen represents a reasonable compromise. Due to the close spacing of

the beams, the magnets of inner and outer insertion will be in a common

cryostat.
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Table 1V-25. Insertion Magnet Parameters (100 GeV/amu operation)

Magnet

BC1

BC2

BS Inner

BS Outer

B

Ql

Q2

Q3

Q4

Q5

Q6

Q7

Q8

Q9

Coil i
(mm)

200

100

80

80

80

130

130

130

130

80

80

80

80

80

.d. Effective Length
(m)

Diodes

3.3

4.4

3.57

5.46

9.46

Quadrupoles

1.50

2.42

1.15

1.42

1.54

2.46

1.61

1.40

1,01

Maximum
Field or
Gradient

4.63 T

2.73 T

3.45 T

3.45 T

3.45 T

57.4 T/m

57.4 T/m

57.4 T/m

57.4 T/m

67.4 T/m

67.4 T/m

67.4 T/m

67.4 T/m

67.4 T/m

aLength requirement for B* = 3-10 m and v = 27.5-29.5.
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BS; Short dipoles. These are standard arc dipoles, the only change

being in their lengths. BSI and BSO in the inner and outer sextant will be dif-

ferent in length to minimize power supply requirements.

Q1-Q3: Large-aperture, two-layer quadrupoles. To obtain the neces-

sary gradients, it is necessary to adopt a two-layer design. Cross-talk is

not expected to be a problem, but the close spacing of the two beams here will

necessitate placing these magnets in a common cryostat.

Q4-Q9: Quadrupoles of different lengths. These have the cross sec-

tion of arc quadrupoles, but differ in their lengths.

The insertion dipoles close to the crossing point may need as yet un-

specified sextupole magnets and correctors. Because the beta function is large,

random errors in these magnets will have a particularly large effect on the beam,

hence the anticipated need for special correctors to cancel this effect.

In the proposed collider the two rings are, as noted, required to oper-

ate with unequal beam rigidities. This means that the inner and outer ring mag-

nets must be powered by separate supplies. The insertion regions must also be

independently tunable. The special-purpose magnets, BC1, close to the crossing

points will have different properties and will need separate main power supplies.

The groups of quadrupoles which are connected to one main supply can be adjusted

by individual by-pass power supplies, as described in Section IV-5.

The majority of the magnets in the insertion regions are standard arc

magnets with adjusted lengths. It should be straightforward to construct these

with the tooling used for the arc magnets. The non-standard magnets in the in-

sertions closely resemble magnets which have been successfully constructed at

BNL and other laboratories; although they will be comparatively expensive, no

fundamental pi-oblems are expected in their construction.
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Table IV-26. BCl Parameters

Magnetic Length 3.3 m

Field at 100 GeV/amu 4.6 T

Current at 100 GeV/amu 3.3 kA

Quench Field 5.9 T

Quench Current 4.3 kA

Coil i.d. 200 mm

Number of Turns 172

Cable per Magnet 2.4 km

Inductance 460 tnH

Stored Energy (quench) 4.3 MJ

The two large dipoles (BCl and BC2) are expected to present the most

serious design challenges. For this reason they have been investigated in some

detail. A cross section of BCl is presented in Figure IV-33. As can be seen

from this drawing, this is a large, two-layer cos 9 magnet. It, in fact,

closely resembles the HEDB magnets constructed at BNL 10 years ago. The signif-

icant differences are a 200 mm coil bore (compared with 240 mm), and a coil

constructed of two layers of cable instead of the single layer of braid. Both

these changes should improve the magnet performance as should the advances made

in superconductor technology. The parameters of this magnet are given in Table

IV-26.
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762 mm dm

Fig. IV-33. Conceptual design of insertion dipole BC1.
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Table IV-27. BC2 Parameters

Magnetic Length 4.4 m

Field at 100 GeV/amu 2.7 T

Current at 100 GeV/amu 3.6 kA

Quench Field 4.6 T

Quench Current 6.5 kA

Coil i .d . 100 mm

Number of Turns 41

Cable per Magnet 800 m

Inductance 31 mH

Stored Energy (quench) 650 kJ

The cross section of BC2 is shown in Figure IV-34. The inner and

outer rings have separate BC2's which are placed as close together as possible .

The beam-beam separation at the crossing point end of the magnets i s 253 mm and

increases to 350 nan at the arc end. The close spacing combined with the large

coil bore (100 mm) resul ts in a return leg f ield of 2.4 T at 100 GeV/amu. The

cross-talk f ie ld perturbations are expected to be <0.1% at the close end and

<0.01% at the other end. Par t icular ly for operation above 100 GeV/amu, i t may

be necessary to i n s t a l l corrections for th is cross ta lk. The r e s t of the parame-

ters of th is magnet (see Table IV-27) are similar to those of the regular arc

dipoles.
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Fig. IV-34. Conceptual design of insertion dipoles BC2.
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viii. Field Quality

Both random and systematic field deviations in the magnets can reduce

the good field aperture. The field quality of accelerator magnets is

characterized by harmonics which are defined in terms of the horizontal and ver-

tical field components on the median plane

B (x) = B(0) + B'(0) x + h B"(0) x2 +
y

= B Q (bQ + b 1 x + b 2 x
2 + )

and

2
B (x) = B o (aQ + ax x + a 2 x + ..)

where Bn is the design arc dipole field value and x the transverse offset from

the magnet center. Note that the n-th field derivative is obtained from the har-

monic coefficients by

B ( n ) = n! b B_ .
n 0

In order to deal with more convenient numerical values, the coefficients actu-

ally quoted, "primed units", are re-defined as follows: a1 = R a , and b1 =

R b , where R = 2.5 cm for RKIC. It follows that the design values of the har-
n

monies are b' = 1 in ?;c dipoles and b! = RG_/B0 = 0.489 in arc quadrupoles.

Symmetries and Expected Errors. The values of the multipole coeffi-

cients reflect, to a large extent, the basic symmetries in accelerator magnets.

Thus, if there were ideal symmetry about the horizontal median plane (top-bottom

symmetry), it follows necessarily that all the skew coefficients in the usual

expression for the magnetic field on the magnet midplane must vanish (a = 0 ) .

If there were perfect current antisymmetry about the vertical plane (left-right

antisymmetry), then the odd normal coefficients must vanish (b, = b, = ... = 0 ) ,

as well as the even skew coefficients (aQ = a 2 = ... = 0). These two symmetries

are typical of dipole magnets. In contrast, although a quadrupole magnet ex-

hibits top-bottom symmetry, it also has a current distribution symmetric about
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the vertical plane (left-right symmetry). This symmetry, if perfect, would re-

quire that the even normal coefficients as well as the odd skew coefficients

vanish; that is, b Q = t>2 = ... = 0, and a^ = a3 = ... = 0. Except for small

random errors, these constraints apply to the RHTC magnets.

RHIC magnets will be constructed by compressing the coils into an iron

yoke, with precision keyways providing alignment of the coils relative to the

iron. This assembly technique guarantees reproducible magnetic field quality

and allows the iron surface to serve as the reference point for survey and

alignment. There are, however, a variety of effects which produce random and

systematic field deviations:

Design of the coil cross section. The need for an integral number of

turns in the coil cross section dictates a non-ideal field distribution. This

results in systematic deviations which are independent of field. For the

dipoles and quadrupoles, careful optimization of the coil configuration has

reduced this contribution to a negligible level.

Magnetization of the superconductor. This produces primarily a

systematic contribution to the first harmonic allowed by the sjimnetry of the mag-

net (sextupole for dipole magnets, 12-pole for quadrupole magnets); however,

variations in the superconductor material can give rise to a random contribution

as well. Moreover, temperature variations around the ring of the machine will

produce a modulation of this contribution. For RHIC the superconductor filament

size is specified as 5 Urn or less. This limits the systematic contribution to

b' = -10 x 10 . The maximum temperature variation around the ring is expected

to be 0.2 K, which will limit the periodic variation to b' = ±1 x 10 . If

the variations in the superconducting wire are large, the wires can be shuffled

before cabling.
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Saturation of the iron yoke. This also produces systematic contri-

butions to the allowed harmonics, but is only significant at high field. At the

-4

modest field chosen for RHIC, this term is b£ = +38 x 10 at 100 GeV/amu opera-

tion.

Random errors in conductor placement. This produces random contri-

butions to all multipoles independent of the field level. For RHIC, conductor

placement must be accurate to 0.05 mm and coil rotation to 1 mrad in order to re-

duce these contributions to a manageable level.

Errors in the placement of coil assemblies and complete magnets. If

the complete coil in a dipole magnet is off-center with respect to the iron,

this contributes a random quadrupole term; in fact, dipole coil errors are the

dominant source of random quadrupole harmonics in the machine. Similarly, off-

center coils in a quadrupole magnet produce random dipole and sextupole harmon-

ics. A more significant effect arises from the estimated placement accuracy for

the quadrupoles as a whole (0.25 mm rms). This produces a random dipole error

of integrated strength ^0.08 T*m, and is one of the dominant reasons for the in-

clusion of closed orbit correctors in the machine.

The magnitude and behavior of these deviations at different field

levels are summarized in Table IV-28 for the dipoles and in Table IV-29 for the

quadrupoles. The data for each harmonic ars presented for three critical

energies, the minimum operating energy (7 GeV/amu), injection energy (11

GeV/amu), and full energy (100 GeV/amu). For the allowed harmonics, the system-

atic contributions from the coil design, and the combined magnetization-

saturation contribution (abbreviated 'mag-sat') are presented in separate rows.

The random (rms) deviations which can contribute to all harmonics, including

skew harmonics (an), are tabulated in the lowest row for each harmonic. All
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Table IV-28. Dipole Field Harmonics (at 2.5 cm, x 10~4)

Harmonic

b'o

Vi' a 1

b[, a'

K
m | |

• I t |

Q 1

b s ' a ;

b;, a;

bi» as

*;..;

design
mag-sat
rms

rms

design
mag-sat
rms

rms

design
mag-sat
rms

rms

design
sat
rms

rms

rms

rms

7 GeV/amu
0.24 T

io4

-20
5.0,

2.1,

1.3
-10
4.6,

1.3,

-0.6

2.2,

0.5,

-0.2
0.0
0.8,

0.2,

0.3,

0.1,

5.

4.

1.

2.

0.

0.

0,

0

0

0

0

2

.3

,2

.6

.9

.2

.3

.1

.0

11

io4

-5
5.

2.

1.
-3
4.

1.

-0.
0.
2.

0.

-0.
0.
0.

0.

0.

0.

GeV/amu
0.40 T

0,

1,

3

6,

3,

6
0
2,

5,

2
0
8,

2,

3,

1,

5.0

4.2

1.3

2.2

0.6

0.9

0.2

0.3

0.1

0.0

100
3

io4

-225
5.0,

2.1,

1.3
+6.5
4.6,

1.3,

-0.6

-4.7
2.2,

0.5,

-0.2
0.5
0.8,

0.2,

0.3,

0.1,

GeV/amu
.45 T

5.0

4.2

1.3

2.2

0.6

0.9

0.2

0.3

0.1

0.0

deviations are expressed in primed units. For the dipoles, the large systematic

effects in the fundamental component (b ) are compensated by the programming

of the main power supply. Likewise, the systematic effects in \> are dealt

with by the sextupoles. All other systematic effects are expected to be small.

The random contribution to b comes from fluctuations in the coil length and

iron yoke weight; it is actually a fluctuation in JB *&%.

o

Because of the higher symmetry of the quadrupole magnet there are fewer

allowed harmonics associated with i t . The lowest field harmonic is the
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Table IV-29. Quadrupole Field Harmonics (at 2.5 cm, x 10"4)

Harmonic

w
b[, ax

b', a'

b 3 ' *3

K' <

b', a'

^ *s

b8» «J

b 9

design
mag-sat
rms

rms

rms

rms

coil design
mag-sat
rms

rms

rms

rms

coil design
mag-sat
rms

7 GeV/amu
5 T/m

4890
-2
4

3.6

2.3

1.7

-2.3
-0.2
1.2

0.8

0.6

0.4

-0.2
<0.]
0.3

11 GeV/amu
7.75 T/m

4890
0.0
4

3.6

2.3

1.7

-2.3
0.0
1.2

0.8

0.6

0.4

-0.2
0.0
0.3

100 GeV/amu
67.4 T/m

4890
-20
4

3.6

2.3

1.7

-2.3
0.6
1.2

0.8

0.6

0.4

-0.2

o!3

dipole term caused, for instance, by the misalignment of the quadrupole coil as

a whole in the yoke. However, this error is correctable by the quadrupole place-

ment and therefore not shown in the table. The systematic variations in the

quadrupole gradient will be compensated for by the excitation current. The ran-

dom variations in b1 arise from fluctuations in the effective length and will be

considered in the shuffling procedure but may have to be cancelled with the

correctors. Note that installation errors are not included in the tables.
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Figure IV-35 shows the calculated variation of the field on the median

plane of the dipole as function of the transverse offset from the magnet center.

The sextupole contribution to the field is not included, since it will be cancelled

by the correctors. Figure IV-36 is a contour plot showing the field variation

throughout the magnet aperture.

5
xlO"

0

GO

GO

-5

-10

LOW FIELD

10 30

Fig. IV-35. Calculated variation of dipole field on median plane as a function
of the transverse offset from the magnet center, for low and high
fields. (Sextupole term cancelled.)
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RADIUS (mm)

Fig. IV-36. Calculated dipole field contours. The solid S-shaped curve repre-
sents the elliptical beam profile in this coordinate system.
Solid contours differ by 0.5 * 10" . This graph represents the
coil design only.
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ix. Magnet Testing

Magnet testing will rely heavily on the equipment and techniques

developed in recent BNL superconducting magnet programs. Electrical tests will

include dc resistance, ac impedance, voltage hold-off, and current-leakage mea-

surement. Magnetic measurements are described in the following paragraphs.

It will be prudent to check that the magnetic center corresponds to

the center of the physical aperture and that the dipole field direction in the

iron corresponds to that expected from the keyed alignment. The dipole magnetic

center can be calculated from observations of the non-linear sextupole contribu-

tion to the (otherwise linear) quadrupole field as a function of magnet current.

The offset between the measuring coil and the observed magnetic axis is propor-

tional to this non-linear contribution. For quadrupole magnet measurements, the

magnitude of the dipole term relative to the quadrupole field can be used to cal-

culate the magnetic center relative to the position of the measuring coil.

The field direction in either a dipole or a quadrupole magnet is

verified with a probe that has previously been calibrated with room temperature

calibration magnets that have a magnetic field precisely referenced to gravity

(±0.1 mrad). This technique is routinely employed at BNL and will work well for

checking that the field alignment is as expected from the ii-on/coil orientation.

Apparatus. Measurements of the magnetic field harmonics will be made

with rotating "tangential" coils. Two versions of these coils are being

developed in the SSC program. One type is quite similar to existing coils,

where the rotating wires are driven from one end by an electric motor. The

other type is a short, traveling probe driven by a self-contained gas motor; the

probe will be pulled through the magnet under computer control, stopping to make

measurements at regular intervals. A drawing of the first traveling probe,
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currently under construction, is shown in Figure IV-37. The time required for

this probe to map the field over the full dipole length (at a fixed current)

will be on the order of 30 minutes. It is expected that this type of develop-

ment will continue over the next few years and will be generally applicable to

the RHIC magnet program.

Accuracy. The tangential-coil measuring system and corresponding

method of analysis are able to measure multipole field components at the level

of several parts in 10 through its use of precision digital voltmeters. The

technique has been used either for room temperature measurements while the mag-

net is being assembled, or for "cold" measurements when the magnet has been

cooled to cryogenic temperatures. For warm measurements only a few amperes can

be used to power the magnet, so sensitivity is limited to multipoles through the

14-pole. For cold measurements, multipoles through the 26-pole are obtainable.

Through the use of "digital bucking" to reduce the effect of the relatively

large fundamental field component, the system is completely automatic and under

computer control, lending itself well to the production testing of magnets.

Extensive cross calibrations between warm and cold measurements of mag-

nets built for the CBA program have verified that measurements of the magnetic

field made on the warm magnet are in close agreement with those made on the mag-

net at cryogenic temperatures. Thus, the warm-measurement technique can be used

to reliably measure a magnet just after assembly of the coil into the yoke. In

this way, manufacturing and assembly errors can be detected at an early stage

and corrected before additional effort is invested in the magnet. Furthermore,

systematic deviations in coil construction tolerances can be detected and

corrected before too many "bad" coils are built.
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Cryogenic Test Facility. Magnets to be tested cryogenically will be

installed in the MAGCOOL system at Brookhaven. This system cools and (after

testing) warms a magnet completely under computer control. MAGCOOL was designed

to accommodate two magnets per day; with minor modifications, it can easily

handle the RHIC production rate.

L
/PRECISION '
^ENCODER

GRAVITY
SENSOR

TANGENTIAL
COIL ASSY

-SLIP
RINGS

SPEED
REDUCER INDICATOR

TETHER

GAS INLET
8 EXHAUST

INSULATED COMPARTMENT

Fig. IV-37. Traveling field measurement probe.
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Data Analysis. Rapid on-line analysis of data is essential for timely

monitoring of the performance of newly built magnets. Additional off-line anal-

ysis is necessary to carry out more complex calculations (including final cali-

bration and corrections) and to permit statistical analysis and plotting of mag-

net performance. An extensive investment in software is necessary to carry out

this type of analysis; such software has been developed at BNL and will be

adapted to the requirements of the RHIC program.

In summary, the testing of RHIC production magnets can be carried out

with confidence and at a reasonable cost by relying on the proven efficacy of

thorough room-temperature testing as well as the complete cryogenic testing of

the magnets.

x. Production Scenario

As shown in Table IV-16, Magnet Inventory, approximately 1700 magnets

of various types are required for the complete magnet system. The production

schedule for these magnets requires that after an initial R&D phase, the com-

plete magnet production occurs in a 2-1/2 year period. In order to meet this

schedule, a joint magnet production effort between BNL and industry is required.

It is planned, therefore, to produce approximately 200 of the magnets at BNL

with the remainder manufactured in industrial plants. Table IV-30 shows the

proposed magnet fabrication by BNL and industry.

The industrial production would mainly concentrate on the standard

aperture (8 cm) dipoles, quadrupole, sextupoles and correctors. Special and

large aperture magnets would be fabricated at BNL along with about 15% of the

standard dipoles and quadrupoles. The standard magnet production at BNL would

serve to transfer the magnet production technology to industry and allow lead
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Table IV-30. RHIC Magnet Production by Units

Magnet Description Total BNL Industry

Dipole arc magnets

Quadrupole arc magnets

Sextupole magnets

Arc correctors

Insertion dipoles (standard aperture, long)

Insertion dipoles (standard aperture, short)

Insertion dipoles (large aperture)

Insertion dipoles (very large aperture)

Insertion quads (standard aperture, long)

Insertion quads (standard aperture, short)

Insertion quads (large aperture)

Insertion correctors (standard aperture)

Insertion correctors (large aperture)

Skew quadrupoles (large aperture)

Totals 1672 228 1444

*Four preproduction dipoles included

time for the fabrication of industrial tooling during the initial phases of mag-

net production.

In order to efficiently provide the necessary quality control for the

superconducting cable used for these magnets and to keep costs low, it is

planned to have BNL procure and qualify all of the superconductor for the com-

plete magnet fabrication schedule. BNL would therefore supply the industrial

fabricators with the insulated superconductor produced under a strict quality
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assurance program for their entire magnet production and BNL would assume the

responsibility for the performance of the superconductor.

Prior to installation in the RHIC tunnel, the magnets would be

cryogenically tested to verify peak field performance, heat loss and magnetic

field quality. This work would be performed at the BNL magnet test facilitys

MAGCOOL.

BNL magnet production and technology transfer to industry would take

place at the BNL Magnet Production Facility. This series of plants was set up

during the GBA R&D phase to prepare for a magnet production program and has been

used for the production of R&D magnets for the SSC and RHIC. A brief descrip-

tion of this facility and the method of magnet fabrication is given here. The

industrial production of magnets would be expected to follow the same procedures.

Coil Production and Assembly. Coil fabrication equipment has been

developed during the R&D phase and would be used for the initial production of

magnets. New tooling would be constructed for special magnets. This equipment

is located in Bldg. 924. Coils are wound on the winding machine in which

insulated superconducting cable covered with a layer of epoxy impregnated

fiberglass is laid on a convex mandrel as it travels past a stationary reel of

cable. As the end of the coil passes the payout reel, the reel is transposed to

the opposite side of the mandrel, thereby forming the end turn and supplying

cable for the return travel of the mandrel. The mandrel with the coil winding

is then removed from the winding machine and placed in a coil curing press. The

coil is molded to the final dimensions under heat and pressure in this fixture.

After removal from the curing press, the coil size is checked under pressure as

part of the quality control program, electrical checks are made and the coils

are prepared for assembly into the yoke.
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Yoke Fabrication, Coil-Yoke Assembly. The yoke fabrication and assem-

bly areas are located in Bldg. 905. In this facility, iron yoke laminations are

weighed, stacked and assembled into yoke halves. The coils are assembled in the

upper and lower yoke halves in the assembly press which closes the yoke halves

and thus compresses the coil to the proper prestress level. Low field magnetic

measurements ara made at this time in order CG detect stvy coii assemblies that

may not meet field quality requirements before committing to final assembly

operations. Any defective coi!;; would be removed from production at this time

and possibly re-worked at a repair station. The yoke halves are then welded to-

gether along the midplane as the coil is held in compression to lock in this

prestress. The yoke-coil assembly is removed from the yoke press and the two

halves of the helium containment shell are assembled around it tc form a seam at

the top and bottom of the yoke. This assembly is placed in a fixture which

bends the yoke and half shells to the required radius of curvature. The top and

bottom seams are then welded to retain this curvature.

Final assembly. After quality control checks have been performed, the

cold mass assembly consisting of the coil, yoke and helium containment vessel is

moved to the final assembly area. Here the cold mass is placed on the compacted

post supports using fixturing that locates all pieces in the correct relative

orientation. Insulated packages of power leads, quench protection bus and cor-

rection coil leads are inserted in the bus slots in the yoke and the power leads

are connected to the coil. Upper and lower heat shield halves are attached to

the cold mass with prefabricated blankets of multi-layer insulation. Cryogenic

piping is installed. The cold mass, heat shield and support asembly is then

slid into a previously fabricated vacuum vessel on a temporary sliding support

system. The assembly is raised and positioned inside the vacuum tank through
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access holes at the bottom of the vacuum tank at the support positions. The tem-

porary sliding support is removed. The cold mass, through the compacted post

supports, now rests on the magnet external support system. Premachined surfaces

guarantee the position of the magnet axis relative to the external support sys-

tem. Final assembly is completed with the closure of the access ports, which

are seal welded and leak checked.

Cryogenic Testing. The assembled magnet is taken to the cryogenic

4
test facility MAGCOOL where temporary blank-off headers and power leads are

attaphed to permit cooldown and full power operation of the magnet. The magnet

is cooled and powered. Peak field, heat load and field quality performance of

the magnet is checked prior to the installation of the magnet in the tunnel

using the procedures outlined in the next section.

xi. Installation and Surveying

Broadly speaking, magnet installation and surveying will utilize proce-

dures developed at Fermilab (Tevatron), CERN (SPS) and BNL (CBA R&D). A full-

scale "string test" will provide further and directly relevant experience in the

installing, surveying, interconnecting, and leak checking of RHIC magnets.

Magnets will be transported, one at a time, from the test facility, or

holding warehouse, to the tunnel access area by means of a truck with special

shock-absorbing fixtures. From there they will be transported by a tractor-

drawn carriage, following a guide rail around the tunnel, to the appropriate

ring position; there they are placed onto magnet support stands Calready in

place, anchored in position and grouted level) by the self-contained hydraulic

lifting mechanism of the carriage. Previously, survey monuments will have been

accurately positioned around the ring relative to a global coordinate system.

As discussed above, the magnet cold mass will have been assembled into its
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vacuum vessel, and the bors center line accurately located with respect to the

support system external to the vacuum vessel. Surveyors will now locate the mag-

nets with respect to the survey markers in positions appropriate to the desired

lattice. The positioning of the external support system will guarantee the

alignment of the magnets relative to the coordinate system with respect to roll,

pitch, and yaw.

Once the surveyors have completed their task, each magnet can be con-

nected mechanically and electrically to adjacent magnets. The electrical

inter-connection, or bus, will incorporate thermal expansion joints. Double

bellows are provided at each connection between beam tube sections; they match

the thermal contraction of the magnets and protect the ultrahigh beam tube vac-

uum. The yoke support tubes are similarly joined by large-diameter bellows,

previously positioned back over one magnet while the electrical connections are

made and then slid in place and welded. Next, superinsulation and heat shields

are installed around the support tube interconnections and heat shield cooling

tubes and surrounding vacuum closures completed, in each case with appropriate

bellows. Leak checking will be performed as the work progresses, either by he-

lium pressurizing (in case of the support tube/cryostat) or pumping (in case of

the vacuum vessel) the respective circuits.
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IV.5. Magnet Electrical System

i. Power Supplies

The electric power supply system required to operate the

superconducting magnets for RHIC fall into four categories: 1) the main

ramp supply required to provide enough voltage for ramping the dipole magnets

to full field in 60 sec, 2) the flat-top supply required to hold the dipole cur-

rent to a precise pre-selected value during heam storage, 3) the quadrupole

powering system, and 4) the insertion and correction magnet systems.

The main, quadrupole, and flat-top power supplies are similar in de-

sign. They consist of a 12 phase rectifier power unit whose output voltage is

phase controlled, a passive filter section, and a control and regulating system.

A voltage rating of about 650 V for ramping and 75 V for flat-topping is re-

quired. The passive f i l ter consists of a critically damped L-C section; if nec-

essary an active section can be added. The subharmonic component of the ripple

voltage will be controlled by electronics operating on the rectifier commuta-

tion. The control and regulating system will be interfaced with the main con-

trol computer for monitoring and analysis. In order to control the betatron

tune within Av = 10 i t i s required that dipole and quadrupole currents track

with about 10 accuracy.

Many of the correction/trim and by-pass power supplies are built fol-

lowing the common design philosophy of modularity. The building blocks can be

assembled in various ways to construct all the various sizes of supplies with

minimal duplication of engineering and development effort. A typical power sup-

ply requires the following components:

• A digital controller which receives information from the central computer

and develops the necessary control information;
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• A phase controlled rectifier or amplifier module which generates the

required current in response to regulating information;

• A precision current measuring DCCT;

• A regulator amplifier which uses the output current and reference informa-

tion to drive the supply in a standard feedback sense.

ii. Magnet Bus

The power supplies for the collider magnets are distributed in the sup-

port buildings, equipment alcoves off the tunnel, and in the Service Building.

The physical location is determined by the position of the associated lead pots

to minimize cable runs. The diagrams in Figs. IV-38 and IV-39 show the

quadrupole and dipole system schematics respectively. The superconducting leads

within each sextant of a ring are carried through each magnet in two bus

packages, one containing the main dipole current and the other the quadrupole

circuit. Both packages have reserve space for trim circuits.

iii. Quench Protection System

To prevent magnet damage in the event of a quench, the current in the

quenching magnet must be reduced to zero before overheating occurs. This is ac-

complished by one of the two passive protection systems shown in Fig. IV-40. In

both of these circuits the current is forced out of the magnet and into the

shunting diode by the natural action of the quench-developed resistance. The IR

voltage generated across this resistance opposes the current flow and with time

will force the current out of the magnet inductance. This current commutation

is faster in the double diode circuit which will be used, if it is required. The

collider magnet must be able to absorb its own energy, which is accomplished by

providing enough copper in the magnet conductor so that it will not overheat dur-

ing the current commutation process described. Energy from the
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Fig. IV-38. Simplified quadrupole power supply schematic, one ring only.
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non-quenching magnets will not heat the quenching magnet because of the shunting

action of the diodes.

Even though the individual magnet in which the quench initiated is

protected, it is necessary to remove the stored energy from the entire series-

connected string as rapidly as possible to avoid quenching an excessive number

of other magnets and to protect the bus work and diodes from overheating. The

thermal mass of these elements is large enough to permit a simple solution.

Figures. IV-38 and IV-39 also show this energy extraction system. Current is

diverted from Che non-quenching magnets by a redundant set of switches. The pri-

mary switches are solid state silicon controlled rectifiers (SCR). Redundancy

is provided by commercially designed dc interrupters commonly used to protect

large power systems. When these switches open, the current is diverted into

dump resistors which dissipate the stored energy and exponentially reduce the

current to zero. The bus and the diodes together with their heat sink have been

tested to withstand the rated current for the worst case "dump" period. The bus

designs are shown in Fig. IV-41.

The quench detection system is also made redundant by using two

completely independent quench detection methods. The primary method involves

comparing total sextant voltages and triggering the switches when one sextant

differs from the others by more than a preset limit. The detection backup is ac-

complished by using differential pressure switches sensing tha helium pressure

in the magi.ets. These pressure switches are hard wired to the dc interrupters

to minimize failure modes.
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Fig. IV-41. BHIC bus cross section design.

203



iv. Insertion and Correction Magnets Systems

The insertion region contains both focusing and beam bending magnet

elements. To reduce power supply cost and minimize cold penetrations these ele-

ments are connected in series with the main dipole or quadrupole circuits. How-

ever, provisions are made to adjust each insertion quadrupole separately as

required for changing the beta function at the crossing point or the operating

tune.

The regular arc dc dipoles are in series with the quench protection

switches with the insertion dipoles in the circuit return. This allows the in-

sertion dipoles to be shunted by trimming supplies while remaining isolated from

the quench protection switches and their associated voltages. The exception is

the BC1 dipole which is powered individually. This unit will be powered sepa-

rately because it is required for the operation of either ring and, if connected

in series with one ring, would be unavailable, if that ring were down. This in-

dependent operation involves 24 additional penetrations and a rating increase on

the associated power supply. Figure IV-42 shows the detail circuit of this in-

tersection arrangement. At two locations, this circuit is broken into halves to

accoEaSodate the circuit return and the driving power supply. Provision for

shunting current around BS will be provided, but the length of this magnet will

be adjusted so that no electrical correction is expected.

The quadrupole insertion schematic is shown in Fig. IV-43. Current

flows through the regular Qy quadrupoles, then through a set of insertion

quadrupoles. This pattern repeats until the circuit has gone half way around

the ring then returns through the series connection of the Qg regular

quadrupoles (see Fig. IV-38) and the remaining insertion quadrupoles.
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The choice of circuit location for the various insertion quadrupoles

has been made to minimize the trim currents required. This location choice

could change, if the current requirements of the insertion quadrupoles change.

For first-day operation the power cr.np-bility for the insertion
*quadrupoles will be limited to operation with P - 6 m and a tune variation of

only ±0.25 units. This limitation was chosen to limit the initial cost of these

power supplies. However, the internal cold wiring inside the RHIC magnet system
*

will be designed and built to have full capability of operation for P between
*

3 and 6 m and for a tune change at B = 6 m of ±1.0 units.

REG. DIPOLES

Oo
in
ID

- • •

QUENCH PROTECTION
SWITCH

ENERGY DUMP

55OOA-
REG.DIPOLES

O
O
inm

0-I500A

5500

5500

DIPOLE RETURN

5500 A

PS

PENETRATIONS

Fig. IV-42. Insertion dipde power supply schematic.
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This first-day schematic shown in Fig. IV-43 contains one 1750 A power

supply shunting current around Ql, Q2 and Q3. This unit connects to the

corresponding point on the other side of the crossing point. For first-day oper-

ation this is the only unit to make this type of connection. However, the final

full power supply complement contains two additional 1200 A units that make this

full span connection. To give full independent control of quadrupoles bridged

in this way each unit will be shunted by an additional vernier supply unit.

4470
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200 Ll
rev |

'300
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400
rev

600
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400
rev

1500
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revI rev I 2 0 0 •
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*
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300 *
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J
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900,
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Fig. IV-43. Insertion quadrupole power supply schematic.
First-Day Operation (Currents ir. A ) .
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Figure IV-44 shows the sextupole circuit which connects the chromatic-

ity sextupole trim elements into four families per arc but initially these

families will be powered to provide four families per ring. This is done so that

at a later time, and if desired, additional power supplies can be added for

eight-family operation.

The a /b closed orbit correction magnets are individually powered and
o o

the connections are grouped into 12 each - 100 A penetrations. Only half of

these will be powered for fir;*t day operation. The a-i/bi units are collected

into small series-connected family groups thus reducing the number of cold to

warm penetrations. Six b, and four ai families are planned for each sextant.

Initially none of the a. /b.. circuits in the arcs will be powered. Two indepen-

dent circuits per ring will power the skew quadrupoles in the insertions,

located at zero dispersion for coupling corrections.

Table IV-31 summarizes the power supplies required showing voltage,

current, and quantity. Power supplies labeled "mono" are units that never

require polarity reversal. Units labeled "bi" are electronically polarity re-

versible and, in general, are two power supplies operated in series or in

parallel with a common regulating system. Units labeled "rev." are units with

an SCR or mechanical polarity reversing switch. The operation of these units re-

quire that the current in the unit be driven to zero before polarity reversal

occurs. Because of the large nuirSer of polarity changes anticipated, an SCR po-

larity changing switch is desirable.

The power supply count assumes that the field quality cf BC1 and BC2

dipoles is such that the trim coil supplies are not required. Furthermore, the

need for octupole trims or a nonlinear correction coil system is under discussion;

it is expected that these corrections are not required for initial operation.
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• PENETRATIONS

ONE SEXTANT (SEXTUPOLES ONLY)

FULL CELL
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Fig. IV-44. Sextupole 2/4 family connections. The connections are shown for
the inner arc in the day-one configuration. The horizontal
sextupole strength is Sp + A in HI, Sp - A in H2 and Sp in all
sextupoles of the outer arc. The role of inner and outer arc is
reversed in the case of the vertical sextupoles.
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Table IV-31. Power Supply Summary
(First-day operation)

Item Polarity
Voltage

(V)
Current
(A)

Quantity
(2 rings)

Dipole Ramp

Dipole Flat-top

BC2, corrector

BC1

Sextupole, 2 families

Quad Main

Quad Bypass

Bypass Ql,2,3,4,5,8,9

Bypass Q6,7

Bypass Ql,2,3

insertion

mono

mono

mono

mono

650 V

75

20/40

40

5500 peak

5500

2000

5500

2

2

16

6

bi

mono

bi

rev.

rev.

mono

mono

bi

bi

125

125

75

25

25

60

15

20

120

200

5500

500

200

400

1750

100

100

100

8

2

2

168

48

14

306

48

Total 626
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Table IV-32 Penetration Summary

Size (A) 12x100 600 1500 2000 5500

Dipole Main

BC1

BC2 corrector

BS1

Quad, Main

Quad, Trim

Insertion Bypass Q7,8,9
Q2,5
Ql,4,6
Q3

Sextupoles

Vb0

24
24

24

108

24

24

24

72
24

48

24

48

Total Number 180 48 96 24 120

Table IV-32 is the summary of the penetration requirements. The devel-

opment of three new types of penetrations, namely 600, 1500 and 2000 A sizes are

required.

References

1. G. Parzen, 'Power Supply Accuracy in RHIC', HHIC-AP-24 (1985).
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IV.6. Cryogenic System

The main feature of the proposed RHIC cryogenic system (shown in Fig.

IV-45) is the helium refrigerator, whose installation is now complete and

whose acceptance test is underway. The refrigerator was designed to match the

load of the CBA Project (allowing a capacity to load margin of 1.5) with a pri-

mary capacity of 24.8 kW at about 4 K, and secondary capacity of 55 kW at about

55 K. Both these capacities are over two times the estimated heat loads for

RHIC. The refrigeration is transmitted to the load by heat exchange with sin-

gle-phase, supercritical pressure helium circulated in a loop. The helium

enters the loop at a low temperature (4.3 K), which is produced by heat exchange

in two subcooler pots containing liquid helium pumped on by two cold turbo-

compressors used as vacuum pumps. Work is removed from the helium in the refrig-

erator proper, by expanding it against five large, low speed, oil bearing

turbines. High reliability is provided by incorporating redundant partners for

all components which are subject to fouling by contaminants.

The compressor station consists of 25 identical screw compressors,

arranged into ranks of first and second stages, and including an oil removal sys-

tem. Despite the great reliability of this type of compressor, redundancy is

provided here also. This station was constructed by the same company that built

the refrigerator, and was tested and accepted in April 1985.

Single-phase helium coolant from the refrigerator flows once around

the ring through the two collider rings in parallel and through magnets of each

ring in series. The temperature of the helium entering each sextant is 4.3 K and

it leaves at 4.6 K. The coolant helium is recooled to its original temperature

as it enters a sextant and at the sextant midpoint in a recooler heat exchanger

which has boiling liquid helium on its low pressure tide. Three pipes in

211



each ring extending around the ring in parallel with magnets carry the helium to

and from the recoolers and are used, as required, for cooldown and warm-up

operations. These three oipes are located in the vacuum spaces of the magnets

except at straight sections, e.g., insertion regions, where there are no magnets

and there the cryogenic piping proceeds in its own vacuum jacket across these

regions. All the pipes of each collider ring share a common jacket and heat

shield.

rSECONDARY(55°K)
YCOOLING CIRCUIT

PRIMARY (4°K)
COOLING CIRCUIT

GAS
STORAGE

GAS
MANAGEMENT
AND
PURIFICATION
EQUIPMENT

MAIN
HELIUM
COMPRESSORS

HELIUM
REFRIGERATOR
COLD BOX

MAGNET/REFRIGERATOR
CONNECTIONS
MAGNETS IN ONE SEXTANT
ISOLATION.TEMPERATURE
AND FLOW CONTROL
EQUIPMENT AS REQUIRED

Fig. IV-45. Simplified Drawing of RHIC Cryogenic System. Only one of the
rings is shown. The second i s in para l le l with the f i r s t .
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Control will be provided by a "standard" industrial process control

system of well-proven and flexible design. It will involve a hierarchy of

microprocessors for sensor interpretation and device control, supervised by

small distributed computers for compressor station, refrigerator and ring, and

a host computer overseeing all and providing a central control point with

operators' consoles in the Cryogenic Wing. A link will also be installed to the

main machine control room so that the systeri required for operation of the re-

frigerator, its compressor station, and all tunnel components are on hand,

i. Design Load and Refrigerator Size

As designed, RHIC will consist of 360 superconducting dipoles and 492

superconducting quadrupoles, and 12 common dipoles, arranged in six sextants

and connected within each sextant by cryogenic transfer lines carrying the

interconnecting (superconducting) leads. At each end of each sextant gas-cooled

power leads are provided to carry the main leads out to room temperature,

cooling them with a small flow of helium "stolen" from the main cooling circuit.

The lower current leads for correction and steering are brought to room tempera-

ture at the spool pieces in groups or "bunches". Finally, a portion of the

total load is imposed by the piping needed to distribute the refrigerant to the

load.

The load is composed of three parts: 1) the "primary" load, defined

as that portion maintained at temperatures below 4.6 K; 2) the "secondary" load,

imposed on the 55 K heat shields surrounding all primary loads, and 3) the

"liquefaction" load, consisting of the gas flows which are "stolen" from the pri-

mary refrigerant for cooling leads and are returned to the cryogenic system at

room temperature. The liquefaction load (nominally in units of g/sec) is

converted to equivalent watts and lumped together with the primary load.
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The fjcpected load has been estimated for all components. Table IV-33

shows the load calculated for individual magnets, and Table IV-34 summarizes the

sources of heat for the entire machine.

Given the magnitude of the expected load, it is usually necessary to

choose a design refrigerator capacity to "match it." In the case of BHIC, the

capacity is already fixed. The ratio of capacity to load has extremely impor-

tant effects. A large ratio is desirable for faster cooldown and for ability to

maintain operations in the face of increased heat load, (e.g., due to vacuum

leaks) or decreased refrigeration capacity (e.g., due to contamination). A

ratio of 2 or more is typical for small existing systems. A ratio of 1.5 had

been chosen for the CBA system. The ratio of capacity to load for RHIC is about

2.5, a more conservative design.

Table IV-33. Individual Magnet Heat Load Allowance

Allowed Load (W)

Dipole
(10 m)

4 K 55 K

Quad/Corrector
Assembly

4 K 55 K

Insulation - radiation and
conduction @ 10"^ Torr

Supports

Connecting Piping

Other

Total

1

0

1

0

3

.7

.2

.0

.6

.5

14

1

3

2

20

.0

.0

.0

.0

.0

0.5

0.2

1.0

1.0

2.7

4 .0

1.0

3.0

7.0

15.0
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Table IV-34. RHIC Heat Load Allowance

Primary
Load

W @ 4.6 K

Secondary
Load

W @ 55 K

Magnet System

372 Dipoles
492 0uadrupoles/Corrector Assy.
Insertion Magnet Connecting Pipe

Total

Magnet Power Leads

Main Coils
Correction Coils
Lead Pots

Distribution System

Piping
Valves

Total Expected Load

Refrigerator Capacity

Total

Total

1300
1400
300

3000

3000
2300
300

5600

7500
7400 Includes Insertions
1200

16100

Includes conduction
& liquefaction load

600

600

300
1000

1300

9900

24800

3600
5000

86G0

25300

55000

ii. System Design

A detailed review of the capital cost and operating economics of

distributed vs.centralized systems and of the expected differences in reliabil-

ity (assuming certain redundancies in a centralized refrigerator), resulted in

the choice of centralization as the preferred system for the CBA. A conceptual

design for the entire system was then produced, and the compressor and
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refrigerator portions of i t were contracted to Koch Process Systems, Inc. The

refrigerator is well along in testing, with no further room for design change

without additional cost.

A block diagram of the system is shown in Fig. IV-45. Figure IV-46

shows the helium flow circuit during steady-state operation. As shown there,

the helium from the refrigerator passes alternately through a half-sextant of

magnets (in series) and then through one of the twelve recoolers in each ring.

The heat which is picked up from the magnets in each half-sextant is removed by

heat exchange with boiling liquid helium in the recooler.

After the helium has passed through all of the sextants a fraction of

the flow is sent through the Recooler Supply Header (one of the pipes in the mag-

net vacuum space), to a control valve at each recooler which meters the required

amount of helium to maintain a constant level in i ts recooler. The helium which

is not required by recoolers is sent to the "High Pot" in the refrigerator where

i t is used to cool helium on its way to the magnets.

The helium vapor from the recoolers is returned to the refrigerator in

two parallel pipes located in the magnet vacuum space, the Return Header and the

Utility Header. The flow from these two headers goes to the suction of a two-

stage cold turbocompressor located in the cold box. This compressor maintains

the low pressure in the return line so that the temperature in the recoolers is

at the desired low level.

A i:low through the heat shield piping is also maintained during

steady-state operation. This flow is from the Secondary (40 K to 70 K) Section

of the refrigerator and is not shown in Fig. IV-46 to simplify the drawing.
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LEVEL CONTROL
VALVE

HELIUM
REFRIGERATOR

Fig. IV-46. Helium primary flow circuit for steady-state operation.
Only one of the rings is shown.
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The flow in this circuit is once around the ring in two parallel pipes, passing

through all heat shields in series. All the piping mentioned above and the

valves required to effect the magnet/refrigerator connections are shown in Fig.

IV-47. The piping in the "typical" half of Fig. IV-47 occurs five places

around the ring (2, 4, 8, 10 and 12 o'clock).

The Utility Header is used in conjunction with other piping to permit

warm-up/cooldown cycles of any one sextant without requiring that any other

sextant be cycled with the ailing one. It is estimated that the warm-

up/repair/cooldown cycle can be accomplished in 5 to 6 days. When it becomes

necessary to repair a cold section, the sextant containing that section will be

isolated from the two adjacent sextants. A warm helium gas flow would then be

sent through the Utility Header, through the ailing sextant and back through the

Return Header. When warm-up is complete the ailing sextant is isolated and re-

pairs can be effected. During this warm-up and repair period, the other

sextants can be maintained near their normal temperature. When the repairs and

leak check have been completed, the repaired sextant is purged and then cooled

using the same piping path as during warm-up.

The Utility Header will also be used to provide a buffer volume for

cold gas generated during a quench. During a quench the Utility Header would be

isolated from the Return Header. The gas which evolves from the quenching

sextant can then be routed into and stored in the Utility Header until it can be

reliquified by the refrigerator. The maximum gas temperature from a quench will

be about 20-30 K. After the quenching sextant has been recooled and is ready

for service, the gas in the Utility Header will be mixed with the normal return

gas until the pressure in the Utility Header is about one atmosphere. Then the

Utility Header will be returned to service in parallel with the Return Header.
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Fig. IV-47. RHIC Helium Distribution System Piping Diagram.



iii. Refrigerator Design

A simplified schematic of the refrigerator, together with its load, is

shown in Fig. IV-48 (Brown, Schlafke, Wu and Moore, 1981). The system proposed

for RHIC is a simplification of the original CBA cycle. A cold compressor which

was used to circulate helium through the magnets in the CBA design has been

eliminated because the high flow rate produced by that compressor is not

required for RHIC.

In Fig. IV-48, the flow from the main refrigerator heat exchangers

(point 17) will, in steady-state operation, pass through a final expander (WEX-

5) and then pass through heat exchangers located in three "pots." The pots con-

tain boiling liquid at progressively lower pressure (and temperature). The main

helium flow will exit from these heat exchangers (point 109) at a pressure of 5

atm and temperature of 4.3 K. The helium returns from the load in two streams.

One stream (point 104) returns at 3.8 atm and 4.6 K and is then expanded through

a J-T valve (between points 104 and 105) and partially liquefies. The liquid is

accumulated in the high pot and the vapor is directed to the bottom of the main

refrigerator heat exchanger train (low pressure side). The liquid from the high

pot is distributed to the intermediate pot and from there to the low pot as

required to maintain their levels. These two pots are pumped to their required

low pressures by the two stages of a cold compressor (labelled WC0C01 and

WC0C02).

The second stream from the load is the vapor which returns from the

recoolers. It returns at a pressure of 1 atm and temperature of 4.25 K. This

flow enters the low pot as shown in Fig. IV-48.
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In order to give the refrigerator higher capacity at higher ouput tem-

peratures to speed cooldown, and to make its operation reliable in the face of

possible contaminants in the gas stream, it has been provided with a number of

redundancies not shown on Fig. IV-48. The low temperature end of HX-2 is at 154

K, so any water and oil which might remain in trace amounts should freeze out on

the surfaces of the first two exchangers. These are provided as redundant pairs

so that they can be valved on and off line, allowing the contaminated ones to be

warmed and cleaned without stopping the refrigerator. Similarly, turboexpanders

1, 2, 3, and 4 have redundant partners. Expander 5 operates below 7 K; all con-

taminants will have been frozen out above that temperature. In addition, a pair

of redundant activated-charcoal cryogenic adsorbers is provided between HX-3.1

and HX-4 (at 70 K) to remove any traces of 0£ or N£ which may enter the system.

All of the rotating machinery is large, uses oil lubricated room-temperature

bearings, and runs at speeds below all shaft resonances. Such machinery in

other installations displays mean times between failure of several tens of thou-

sands of hours. It can be expected to run for many years of RHIC operation

without mechanical breakdown.

The main compressors consist of 19 parallel first stages and 5 paral-

lel second stages with a pressure ratio of about 4 across each stage to achieve

the 16 atm pressure and approximately 4000 g/sec flow required at the refrigera-

tor inlet. They are all identical oil-injected screw compressors, chosen primar-

ily for high reliability and low cost. There is considerable experience with

such compressors, here and elsewhere, showing mean times between failure of more

than 30,000 hours, or about five years of FHIC operation. In order to avoid any

chance of significant running time loss due to compressor failure there is an

installed redundant compressor for either first or second stage. The contractor
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(Koch) has purchased the compressors from Howden in Glasgow, in order to get

the highest quality available. In addition, the compressors have been selected

for high isothermal efficiency on the basis of test runs in the factory. Those

used as first stages are driven by 450 kW motors, and second stages by 1.7 MW

motors. Four stages of coalescers for oil removal are provided in each of six

parallel paths. A maximum of five paths are required, allowing on-line replace-

ment of elements in the sixth. These are followed by a single staga of charcoal

adsorption in each of three parallel paths, where two are required,

iv. Cooldown ^nd Operation

At normal operating temperatures, the main compressor flow is matched

to the flow capacity of the five turb©expanders. However, at higher tempera-

tures the gas has lower density, and the redundant expanders can be used

simultaneously with their mates. By using appropriate ones at various tempera-

ture levels, the cooldown capacity of the refrigerator can be increased greatly

over its steady-state capacity. The cooldown presents three sequential but

overlapping loads: 1) removal of heat from the magnet structure; 2) cooling of

a large quantity of helium to fill the headers and magnets, and 3) cooling of

both to final operating temperature with the refrigerator in its normal configu-

ration. While the time required for the first two is greatly reduced by the use

of the redundant expanders, the time for the third depends entirely on the ratio

of capacity to load and the second depends partly on this ratio. Cooldown of

the entire machine should be accomplished in ̂ 10 days.

The management cf the large quantity of helium in this system during

cooldown and operation is an important factor in attaining stability. Most cryo-

genic systems are designed for constant pressure, and therefore require venting

or adding gas to the system to control pressure whenever there are temperature
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or other fluctuations in the load. The KHIC system, on the other hand, is

designed to maintain a constant mass of helium in the load. The intended

operating line is shown in Fig. IV-49. Cooldown proceeds with the helium pres-

sure in the load at 14 atm. When an average temperature of about 6.5 K is

3

reached, the helium density will be 0.136 g/cm , which is the final desired den-

sity at the nominal average operating point (5 atm, 4.4 K). No more helium will

be added to the system after that time. The cooldown, therefore, will phase

smoothly into operation.

I I | I I I I I

^CONSTANT
( PRESSURE
I OPERATION

CONSTANT DENSITY
OPERATION

STEADY STATE
DESIGN POINT

TEMPERATURE, °K

Fig. IV-49. Shows constant pressure operation during cooldown at
about 14 atm. When the average temperature is 6.5 K, the
final system density will have been reached and the system
will be operated in a constant density mode thereafter.
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During operation, no venting will be required unless the average tem-

perature rises to 6.5 K, in which case the pressure will again be 14 atm, The

magnets and cryogenic system are designed for a working pressure of 20 atm. The

temperature is measured after each half-cell of magnets and at many other points

throughout the system. The process control computer will monitor these tempera-

tures and compute the desired pressure to hold constant density in the system.

Thus, if there is any leakage from the system, the loss will be detected and gas

added as required.

It is anticipated that the entire machine will not be warmed to room

temperature frequently. Very likely this would be confined to yearly machine

maintenance shutdowns. It is of somewhat more interest to examine the time

required for repair, e.g., replacement of a magnet. For this, only one sextant

will be warmed, while the rest of the machine remains at low temperature. Such

a warmup, including end effects, is estimated to require two days, and

recooling, two additional days. To this thermal cycle time must be added the

warm repair time, and for magnet replacement this is estimated at two days also,

after some initial practice. Thus a complete magnet replacement should take >̂ 6

days.

v. Instrumentation and Controls

Through a process of selection and calibration of semiconducting

diodes and the use of inexpensive PROMs to contain individual calibration

curves, BNL produces for its own use temperature measuring devices accurate to

0.05 K through the entire range 300 K + 2 . 5 K (Sondericker, 1981). These, to-

gether with thermistors good below <f7 K, are being used throughout the cryogenic

system including the refrigerator. An ultrasonic time-of-flight helium flow

measuring device, usable also over the entire temperature range, has been
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developed at BNL, and will be used at several places in the system. Pressure

measurement will be done using commercially available sensors.

For control of the cryogenic system, a "standard" industrial process

control computer system will be used. The requirements in this regard are so

similar to those of the petrochemical industry, that it is possible to choose

from a large number of such systems, all well tested and unusually user-

friendly. Such a system was purchased in 1981 to be used for control of

MAGCOOL, the production magnet testing facility. A second system was used to

control the RHIC refrigeration system during its acceptance test and will be

expanded for RKIC. It has proven to be extremely easy to interface with compli-

cated systems, and has been used by many technicians, both electronic and mechan-

ical, with minimal training.

At the top of the cryogenic control system for the RHIC is a host

processor located in a local cryogenic operations area. Peripherals include

alarm and logging typewriters, a program development CRT and color graphics oper-

ator interface displays * The host provides the drive capability for the

operator's color consoles and performs communications, polling and data storage

and retrieval duties. Compressor room, refrigerator and ring distributed

processors will be similar, each handling its own data acquisition and control

tasks. Initially, these satellites are down-loaded from the host with an

operating system, control logic and communications programs so they can act as

stand alone process control modules. Distributed microprocessors periodically

send important data to the host computer for real time display and trending

purposes. Data transmissions can also be event (process upset) or operator

initiated. An interface to the main machine control room computer network will
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be provided so that the cryogenic control system can be operated from main con-

trol when the RHIC begins operation,

vi. Current Status

Koch Process Systems, Inc. (KPS) was under contract to provide both

the refrigerator and the compressor system. All components have been delivered

to BNL and are in place. Piping and other installation work as required by the

KPS Contract was started in September 1983. They are now complete. The compres-

sor station was tested and accepted in April 1985. The refrigerator acceptance

tests are complete and show sufficient capacity for RHIC requirements with a

safety factor of 2. Final acceptance depends on the completion of a punch-list

of corrections.

BNL is providing the Cryogenic Control System. This is complete (both

hardware and software) for control of the refrigerator and compressor station,

and is fully tested. Part of the hardware is on hand for control of cryogenic

elements in the tunnel, but installation awaits RHIC construction funding.
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IV.7 . Vacuum System

In RHIC, there wil l be two completely independent vacuum systems.

One, which operates in the 10 Torr region, provides the required environment

for the c i r c u l a t i n g beams. The other system maintains an in su la t ing vacuum of

l e s s than 10 Torr in the superconducting magnet ves se l s . At t h i s pressure the

heat loss by convection becomes n e g l i g i b l e ,

i . Beam Vacuum

The major portion of the beam tube wi l l operate a t l iqu id helium tem-

pera ture which w i l l r e su l t in an immeasurably low pressure i f helium leaks are

avoided. The experimental s t r a i g h t sections as well as some longer sect ions

without magnets, which accommodate rf cav i t i e s , in jec t ion , beam dump and

scraping equipment, wil l operate a t room temperature with H? pressure of

= 10
/I x 10 Torr. At t h i s pressure the beam loss due to nuclear s c a t t e r i n g w i l l

-4
be 1.5 x 10 per hour for protons, giving a beam hal f l i f e time of 4300 h r s .

Beam half l i f e time for gold w i l l be 500 hours. Emittance growth of 1 mm due to

mul t ip le Coulomb sca t t e r i ng would requi re 400 hrs for protons a t y = 30. Since

2
the sca t t e r ing cross sect ions vary as (Z/A) the growth r a t e for heavier ions

wi l l be propor t ionate ly smaller .

Beam n e u t r a l i z a t i o n for bunched beams w i l l be accomplished by self-

c lear ing due to the la rge spacing between bunches of J2 x 10 s e c .

The pressure bump i n s t a b i l i t y in the cold bore i s not an t i c ipa ted ,

based on the experience a t FNAL. In warm sec t ions , the estimated nl . . =30
' "critical

will provide a sufficient safety margin for the design current.

The warm sections in the beam vacuum are separated from those which

are cold by cold-to-warm transistions and polyimide gate valves. Warm sections

will have a provision for a bake-out at </250°C, with the exception of the

228



polyimide-sealed gate valves, which can be baked up to 200°C, the highest temper-

ature the polyimide seals can take. If later experience demonstrates this not

to be satisfactory, the valves can easily be replaced with more expensive a l l -

metal valves. The intersections will be isolated by metal gate valves and will

be baked to 300°C.

In the 6 bending arcs, which have cold bore, a pumping port will be

provided at every second quadrupole and will be equipped with a 20 Jl/s ion pump

to be used as a high vacuum gauge during operation, a Convectron gauge to read

higher pressures during pump-down, and an all-metal hand valve for roughing. The

Convectron gauge with a set point will also act as a hard wired interlock. The

beam tube will be evacuated by portable turbomolecular stations that will con-

nect to the all-metal hand valves. A pick-up electrode will be placed at every

quadrupole. I t s coaxial cables will be brought out of the dewar through the

insulating vacuum. In this way ceramic feed-thrus operating at cryogenic temper-

ature will not see liquid helium and small leaks will not disturb the beam vac-

uum. To minimize vacuum leaks in the high vacuum beam tube, i t is imperative

that no feed-thru and a minimum of welds and bellows be in contact with cryo-

genic helium.

Warm sections, including the crossing points, will use conventional

all metal UHV components such as ion pumps, titanium sublimators and BA gauges,

i i . Insulating Vacuum

The insulating vacuum will be divided into »r60 m long sections by vac-

uum barriers installed in the magnet dewars. On either side of the barrier

there will be a pump-out port containing a cold cathode gauge, a thermocouple

gauge and a hand valve. There will be no permanent pumps installed since none

are required if helium leaks are avoided or kept very small. Instead, pumping
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carts similar to the UHV roughing station, but simpler, will be used to evacuate

the insulating vacuum through the ports a I: vacuum barriers. After cool-down

these carts will be valved off. If a gauge indicates an increase in pressure,

one of these pumping carts will be used to pump on the leak. There will be 25

of these cart units. The UHV roughing station can also be used here.
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IV.8. Beam Transfer and Injection

The ACS will serve as the injector for the Relativistic Heavy Ion

Collider. Beam will be ejected from the AGS in a single revolution, making use

of the existing fast extraction system in the North Area, and it will be

transferred to the collider through the already existing beam transfer tunnel.

The geometry of the beam transfer and injection magnet system will be identical

to that described for the CBA Project (see Fig. IV-50).

The beam current will be accumulated in the collider rings by the

"box-car" stacking technique. The AGS will accelerate a single ion bunch

at a time, and initially each of the rings will accept up to 57 equally spaced

bunches into the 342 waiting rf buckets. This limitation is the consequence of

the initial specification for the kicker rise time of about 190 nsec. In the

case of protons, the AGS will deliver pulses containing 11 bunches at a time,

filling 55 waiting buckets in a similar manner.

Before an AGS pulse is transferred to the collider, the two rf systems

will be synchronized in frequency and phase so that the AGS bunches arrive well

centered in the waiting buckets. In addition to arriving at the proper time

(phase), the bunches must also have the proper momentum. At the given frequency

this is accomplished by ejecting at a certain magnetic field in the AGS (or

equivalently at a certain radial position) which is in a proper and reproducible

relation to the collider injection field. Thus, while the rf systems are locked

in frequency and phase and the collider field is held constant, an integrating

flui probe in the AGS (or a high sensitivity radial pickup electrode) will

enable the extraction trigger at the appropriate field value during a slow AGS

field ramp. With a flux probe a field reproducibility of «̂ 2 x 10~ (rms short
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Fig. IV-5O. Schematic layout of the beam transfer line from the AGS to RHIC.

Fig. IV-51. Injection component layout.
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term) has been achieved in the AGS and the collider injection field is to be

held constant with similar precision throughout the beam transfer process. De-

liberate energy or phase mismatches may be introduced to shape the longitudinal

and transverse beam distributions.

The beam transfer magnets are conventional and the major bending sec-

tions employ a combined function magnet design. Near the collider tunnel,

distinct, separately excited quadrupoles and dipoles provide tunability for

steering and matching flexibility. Beam diagnostic equipment (current

transformers, pickup electrodes, secondary emission beam profile wire arrays,

beam loss monitors) will be located in appropriate places to facilitate effi-

cient analysis of beam properties. Adjustable collimators will be placed near

the entrance of the big bend and near the injection areas to provide a sharp

re-definition of the transverse emittance limits prioz' to beam insertion into

the collider. The beam transfer line design had already been completed for the

CBA rings and is adopted here with a minor modification at the injection point.

The beam transfer line magnets will be identical to those designed and already

partially manufactured for the CBA Project.

The beam is injected onto the central orbit of the collider's outer

arcs. The injection components take up the free spaces in the outer dispersion

suppression regions of the 6 o'clock insertions (Fig. IV-51). Injection occurs

in the horizontal plane. The beam approaches either one of the two rings in the

horizontal mid-plane, upstream of its horizontally defocusing quadrupole Q80.

It passes outside that quadrupole and is directed toward the center of the

aperture of the horizontally deflecting injection kicker, just upstream of

quadrupole Q90, by two current septum magnets. Both of these are magnets with
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a C-shaped yoke and a current septum separating the field region carrying the in-

coming beam from the field free region where the stacked beam circulates. The

stronger of the two, septum #1 near Q80, deflects the injected beam by an angle

of 82 mrad, and the other one, septum #2 immediately downstream, by an angle of

9 mrad. The kicker will provide the final deflection of 2.7 mrad necessary to

deposit the beam in the proper circulating beam trajectory of the collider. The

current septum magnets will be pulsed with millisecond pulse duration and they

will be designed to have negligible magnetic fringe fields in the region of the

circulating beam close to the septum conductor. The injection kicker will cover

the full aperture of the collider beam. It will have a rise time to full field

of about 190 nsec in order to permit the successive insertion of bunches from

the AGS with bunch spacing of about 220 nsec without disturbing the already

circulating bunches. In the future, a faster kicker rise time may make it possi-

ble to accept more bunches with a shorter spacing, thus increasing the luminos-

ity.

The injection magnet parameters are summarized in Table IV-35. In

general, error tolerances for various beam component specifications are such

that undue dilution of transverse and longitudinal phase space is avoided.

Table IV-35. Injection Magnet Parameters

Length (m)

Field (T)

Deflection (mrad)

Aperture HxV (mm)

Kicker

3

0.09

2.7

25 x 45

Septum #2

3

0.3

9

Septum #1

5.5

1.5

82
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IV.9. Beam Dump System

The energy contained in the heavy ion beams is of the order of 300 kJ,

which may cause damage to accelerator components if lost in an uncontrolled man-

ner. Moreover, a small fraction of this energy, if dissipated in a

superconducting magnet winding, may quench the magnet string. Therefore,

whenever deviations from normal operations are detected which may permit the

beams to stray beyond a safe region within the vacuum chamber, the beam dump sys-

tem will be activated. The response time to such deviation will be about 50

lisec to maintain control over events in all conceivable cases of accidents or

beam instabilities. The beam dump system will not only serve in emergencies but

also serve for routine beam disposal prior to a refill of the rings.

Beam dump systems which employ internal absorber blocks and which do

not resort to extraction from the machine have been in routine use at the CERN

ISR, where the stored beam energy exceeded 3 MJ. For the superconducting magnet

lattice of HERA an internal beam dump has been proposed as well, for a beam with

8 MJ stored energy. On the other hand, for the CBA beam (40 MJ) an external dis-

posal system had been judged necessary, because within the machine it was not

possible to spread the beam over a large enough volume to prevent absorber

damage, and because it was not possible to prevent quenching of magnets down-

stream of an absorber, from secondary particle spray.

The stored energy of the heavy ion beam is low enough to be safely dis-

posable on an internal dump without magnet quenching. The layout of the beam

dump system in one of the straight sections not used by experimenters is shown

in Fig. IV-52. An arrangement of fast full aperture kickers around quadrupoles

Q8I and Q6I will be excited to drive the beam into an absorber block placed be-

tween quadrupoles Q5I and Q4I. The deflection is vertical and the displacement
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of the beam from the beam axis of about 15-25 mm at the beam dump, requires a

maximum kicker strength in the range of 0.7-1.4 T'm depending on the kicker con-

figuration and the allowable beam excursion aperture. The beam will always be

bunched but some 3 or 4 of the buckets may be left empty to create a gap of

about 0.7 visec. The kicker will rise to full amplitude in a time of about 3

lisec in synchronism with the passage of the "empty" beam buckets. Most of the

bunches will be disposed of well inside the absorber block, while a few of them

will scrape on its exposed surface during the slow kicker rise. The particles

which fail to reach the absorber on the first pass during the kicker rise will

either reach the dump on the next turn or will be intercepted by protective

collimators around the ring. Leaving some of the beam buckets empty alleviates

some of the surface scraping. The beam, on its way to the absorber block will

scrape on the apertures of magnets B, Q6I and BSI if they are of standard size

(i.e., 7.29 cm bore tube i.d.). Such scraping must be prevented by providing

these magnets with apertures of adequate size, by offsetting their axes from the

closed orbit vertically or by a vertical closed orbit bump. As proposed here

the kicker magnet specifications are about the same as those of the CBA pro-

posal. The pulsed power supply has a slower risetime, but it could be upgraded

for a fast risetime as part of a future improvement program.

The internal beam dump system will be adequate for the conservative

beam intensity scenario which is the basis of this proposal. It is assumed, in

particular, that when protons are used the intensity will not exceed 1 0 ^

protons/bunch. If, at a later date, the intensity rises far beyond the level

assumed here, then one may need to add a full-fledged beam extraction system.

In that case, septum magnets would take the place of the internal absorber, and

would deflect the beam outside the collider toward an external beam dump. A
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reconfiguration of one of the standard crossing regions to create more room for

these extraction components may then prove to be advantageous. Initially it

may be prudent to reserve a complete insertion for beam dumping, beam scraping,

and eventual beam extraction.

Q8 Q7 B Q6 BSI Q5 Q4

KICKERS BEAM
DUMP

D- - * •

Fig. IV-52. Internal beam dump (one ring).
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IV.10. RF System and Acceleration

i. General Considerations

The rf system must capture, accelerate, and store for many hours 57

bunches of particles. Particle species vary from protons to gold ions. Each

function places certain requirements on the rf design. The choice of frequency,

26.74 MHz or h = 342, and peak voltage 1.2 MV, were dictated by the need to pro-

vide sufficient longitudinal phase space area to accommodate the. bunch area dilu-

tion due to intrabeara scattering that will occur during the time the beams are

stored for experimental data taking. A frequency change of about 1% must be

allowed in order to decelerate as well as accelerate the heavier ions (4 x 10

for acceleration of Au ions alone). Since it is planned to use six high-voltage

(200 kV) high-Q cavities some provision for the small amount of tuning must be

made.

The acceleration period of 60 sec for all species will result in a sta-

ble phase angle given by sin 6 = 0.04, assuming a linear rise in the field and

s

a constant voltage of 1.2 MV peak. This will provide more than adequate bucket

area for the bunches, which will have a longitudinal emittance of 0.3 eVsec/amu

at injection and perhaps as much as 1 eVesec/amu after passing the transition

energy.

When the bunches are accelerated, the gap voltage V = 200 kV and
6 gap

the power per cavity delivered to the beam will be V i, sin 9 /2, where i is
gap b s ' b

the component of beam current at the rf frequency. For sin 8 =0.04 and L =*
S D

0.12 A (corresponding to 1.1 x 10 Au ions/bunch) this is less than 0.5 kW,

which is a small fraction of the 20-25 kW of rf power dissipated in the cavity

and its driver. Durirg the injection process, when 57 bunches will be

sequentially stacked box car fashion into every sixth rf bucket (h = 342), it
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will be necessary to reduce the voltage per gap to J*32 kV in order to match

these bunches to the phase space trajectories in the chosen buckets. Because

of the reduced voltage and the stationary buckets, the reactive beam loading

will be a maximum at this time. However, the cavity detuning necessary to com-

pensate for this effect is very small and in the same direction as needed for

acceleration of the heavier ions. Hence, no additional tuning range will be

required. In order to damp injection errors and to provide control of coupled-

bunch instabilities, a separate low voltage, wide bandwidth, i.e., several rota-

tion harmonics, cavity and power amplifier will also be required in each ring.

One additional requirement on the rf system in the storage mode is

that of very low noise at multiples of the synchrotron frequency (f = 47-64 Hz

s
at 100 GeV/amu) and of the rotation frequency, f , namely (f , ± nf ] and [f

o n s JTJT

± (f ± nf )J by which the rf signal can be modulated. A single bunch phase
o s

lock loop and low noise voltage controlled oscillator, along with a low noise

frequency control loop as used at the CERN SPS Collider, will be employed to re-

duce the effects of noise on all of the bunches. An additional lower gain phase

correction loop acting on all the other bunches to correct for noise at f , ± f

will be closed through the wideband auxiliary cavity mentioned above. The goal

of this system will be to assure that only the longitudinal dilution due to

intrabeam scattering will limit the useful luminosity lifetime,

ii. The RF Cavities and Their Drivers

Because of the constraint on radial separation between the two rings,

the cavities will be capacitively loaded coaxial resonators. To satisfy the

peak voltage requirement of 1.2 MV six cavities with their amplifer will be

installed in each ring,, A sketch of the proposed design shown in Fig. IV-53 has

a shunt impedance of 0.92 HI and Q of 9000, calculated by SUPERFISH for an ideal
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copper structure.* The cavity consists of a high vacuum section, required by

the accelerating gap voltage of 200 kV and a 10 kV atmospheric section for ease

of coupling the power to the cavity and for achieving lower impedance presented

to the beam. In addition, higher order mode suppression will be easier at

atmospheric pressure. The high voltage section having a gap of 4 cm is

separated from the tube section by a ceramic insulator. The diaphragm opposite

the mushroom tunes the cavity to resonance during acceleration and stacking of

heavy ions. Each cavity is driven by a 3CW30,000H3 triode mounted directly in-

side the cavity. Thus the tube is tightly coupled to the cavity with a step-up

ratio of vT 20:1. Only 10 kV anode voltage is required and the coupling can be

adjusted by sliding the tube along the stem. The triode is operated in grounded

cathode configuration for its low output impedance. The power amplifier is

neutralized using "split grid neuting circuit" which by virtue of its negative

feedback further lowers its output impedance. It is estimated that the

impedance seen by the beam at the rf frequency can thereby be reduced to

<O.3MS2 per cavity. This would allow an increase in current over the design

values by a factor ^5 without causing excessive beam loading. A separate tuning

servo has to be used in the amplifier to tune out the reactive power due to

beam loading'. Even though preliminary design work has been completed, many

detail studies, as well as both cavity and amplifier modeling, will be carried

out under the R&D plan. In particular, coupling mechanism, higher order mode

suppression, ceramic windows and long stems will be studied in detail. Each

cavity will, of course, have its own vacuum system.

The auxiliary cavity will necessarily be of the same general design.

However, because the voltage requirement will be much less, the gap can be in

air. It will be driven by a low impedance source tightly coupled i.o the gap.
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Fig.. IV-53. EHIC rf Cavity. Dimensions in cm.

Reference

1. M. Puglisi, Technical Note RHIC-6, (1984).
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IV.11. Beam Instrumentation

Operation of the collider and achievement of full luminosity will

require continuous jonitoring of the beams. Initial instrumentation will in-

clude pickup electrodes at each quadrupole, as well as one wide-band pickup elec-

trode, and a current measuring device in each ring. Beam transfer and machine

start-up will require single-pass position monitors in the transfer lines and

adjoining ring sextants. Feedback systems will be provided to suppress longitu-

dinal and transverse instabilities. Radiation monitors will be used in conjunc-

tion with the beam scraper system to control and minimize beam loss. Luminosity

monitors required at each intersection region will be part of the experimental

equipment. A summary of beam instrumentation is presented in Table IV-36, and

more detailed information is given below on the most important items,

i. Beam Orbit Position Measurements

The properties of the circulating beam will themselves be a very sensi-

tive monitor of the performance of the superconducting magnets in each ring. It

is planned to record conventional closed orbit information, that is, the center

of the beam vertically and horizontally, at 250 locations in each ring, spaced

at intervals of about one quarter betatron wavelength where vertical and horizon-

tal S functions are maximum. The beam will be sensed by pick-up electrodes

(PUE) with an effective sampling time of about 0.3 msec. Such information can

be exploited rapidly enough to be used in lattice control and feedback proce-

dures in a real time sense without prolonging the expected acceleration time.

Identical PUE's working with single pass electronics are also used to measure

beam position in the transfer lines and the adjoining ring sextants.

Prototype horizontal and vertical pick-up electrodes have been

designed, constructed, and tested. They consist of a simple stainless steel
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Table IV-36. Beam Instrumentation

Instrument
System

Beam current monitor

Luminosity monitora

Radiation and loss
monitor

Orbit position
monitor

Wide band PUE

Tune Measurement &
Transverse Feedback

Transverse Schottky
Noise Detectors for
Bunched Beams

Basic
Elements

Transformer/
magnet
modulator

Scintillation
counter tele-
scopes /beam
displacement
coil

Solid state
detectors

Split capacitive
pick-up electrodes

5OS2 Stripline
Kickers

Resonant Movable
pick-ups

Function

Circulating
proton beam
intensity

Measure beam
collision rate

Measure radiation
loss background

Equilibrium orbit
bunched beam

Single pass
measurements

Beam structure

Control of
coherent motion

Detection of
incoherent motion

Total
Number

2

6

50

500

200

2

4

4

Experimental equipment in crossing regions

split cylinder and glass guard rings coated with nichrome, in order to suppress

microwave mode excitation. Two types of associated electronics have been

designed. A closed orbit digitizing system which measures the position of the

equilibrium orbit of the circulating beam to 0.1 mm was tested at the AGS. The

results agreed with measurements done with existing AGS electronics.

The single pass electronics, for measuring beam position on a single

fly-by has been tested with simulated signals. Initial tests of this system

in the AGS U-line were also carried out.
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ii. Beam Current Monitors

These monitors will be very sensitive dc-wideband transformers having

a large dynamic range with a resolution of 10 UA and with calibration windings

similar to those used at the ISR. They will be used to measure both beam cur-

rent and beam current loss rate to a high accuracy. Output from these devices

will be used in many control programs and will also be a source for a hard-wired

beam dump trigger.

iii. Radiation Monitor System

A Radiation Monitor (Beam Loss Monitor) will employ solid state

detectors. About 50 units will be mounted on chambers at selected locations of

maximum horizontal $ around the rings and used in conjunction with beam scrapers

and aperture defining fingers. They can also provide a trigger for the protec-

tive fast beam dump.

iv. Betatron Tune Measurement and Transverse Feedback

50& stripline kickers will be used in conjunction with position

sensitive beam pickups to control injection errors, to excite coherent betatron

oscillations in order to measure the machine tune, and to suppress transverse

instabilities. This system will have the necessary bandwidth to operate on each

bunch individually, the power required to cope with the expected injection

errors, and the gain required to control the growth of coherent oscillations.

v. Transverse Schottky Noise Detectors for Bunched Beams

In order to control the region in tune space occupied by the colliding

bunches it will be necessary to monitor the tune spread as well as the central

tune of the beams. Tune spread can be determined by measuring the noise spec-

trum of signals caused by the transverse motion of the individual particles.

However, with bunched beams there is a strong coherent signal, due to the

244



bunching, whose power is «r N times larger than the incoherent signals due to

the transverse motion (N is the number of particles in the beam). Techniques

to suppress the coherent signal have been developed at the CERN SPS Collider

and they will be applied to RHIC.
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IV.12. Control System

The function of the central control system is to provide the control

and communication necessary to provide stable, well defined beams in the RHIC

rings. It must translate basic physics requirements such as beam energies,

intensities, and more special characteristics into instructions which govern

thousands of individual activities within the collider rings. As in other mod-

ern accelerators, the RHIC control system must support the needs of typical

subsystems and utilities which provide beams, power, rf, and other services.

Moreover, computer aided control procedures now include simulation techniques

which review the expected behavior of changes upon accelerator models before

committing them to the accelerator itself.

The collider is to provide stable beams with usable lifetimes ranging

from less than 2 h at injection energy to more than 10 h at full energy (100

GeV/amu). A simultaneous need therefore exists for both continuous reliability

and the ability to bring up beams in a relatively short time.

There are no intrinsic reasons for long delays in producing beams be-

cause the collider employs simple box car stacking and accelerates relatively

low currents rapidly. In this regard it is encouraging to note that Fermilab,

after only 9 months operation of the Energy Saver, is able to restore beam in

less than 15 minutes following routine run termination. This is made possible

by excellent monitoring software and increasing reliance on computer calcula-

tions for beam tuning.

To meet the reliability requirement a controls design goal has been

established which stresses 10 day system availability and protection against con-

trol and data loss.
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The essential features of the distributed computer control system

designed for the CBA project and now being implemented in the Heavy Ion Transfer

Line project will be adapted for the collider. The conceptual design is similar

to systems developed independently by LEP at CERN and to those evolving in the

commercial controls industry in the United States.

The structure of the system is that of a three-level hierarchy shown

schematically in Fig. IV-54.

The CONSOLE MODULE is at the highest level of the hierarchy. This mod-

ule includes operator consoles, transaction processors which handle subsystem

activities and administration, and a major analytic computer which performs beam

analysis and probes working point and lattice adjustments. Normal analogue and

waveform analysis facilities are also present. The transaction processors are

closely networked so that the group as a whole can recover from the failure of

any single member. At the present time we plan to use modern 32-bit

workstations as the transaction processors. These workstations appear to have

the appropriate combination of operating systems, computing power, and human in-

teraction features to match the required functionality of the traditional

host/console computer. The analytic computer will help guide beam management

procedures to prevent beam loss. It will be a powerful, specialized processor

of over 50 million instructions per second effective capacity. Sample tracking

programs already tested have guided this specification.

Connecting the console module to the distributed components of the con-

trol system is a BNL designed broad band Local Area Network called RELWAY.

RELWAY employs CATV technology to distribute information over the more than 4 km

extent of the collider. A prototype version of RELWAY has been installed at the

AGS for control of the Polarized Proton Project and is currently transmitting
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data at a maximum rate of 1 Mbit/sec over 1 channel. For the collider up to 12

channels will be available, each with a maximum data rate of 5 Mbit/sec per chan-

nel. Following industry practice, RELWAY will be duplicated for reliability. A

second utility, the Message Transfer system, will carry voice, computer termi-

nal, video, and similar communications throughout the collider. It is based on

the economical channel multiplexing features of standard telephone transmission

modules.

At the second level of the hierarchy are microprocessor based systems

called STATIONS. These stations, located uniformly around the ring and in the

principal utility centers, connect and monitor the process control elements

belonging to one geographical area.

At the lowest hierarchical level are the DEVICE CONTROLLERS which per-

form process I/O. These are constructed using microprocessors and/or logic

components and act a.s intelligent instruments to control and monitor physical de-

vices (power supplies, pumps, etc.). Although some of these controllers require

special timing links, the principal communication to the outside world is via

local buses connected to the stations.

Timing links to device controllers will be supplied by a timing system

adapted from the system currently in use at the FNAL Tevatron. In this system

a central timing unit generates coded signals whenever a pre-selected absolute

time or event occurs. The coded pulse streams are distributed around the ring

and decoded by LSI chips developed at FNAL.
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Fig. IV-54. Structure of RHIC control system.
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V. RING TUNNEL, EXPERIMENTAL HALLS AND CONVENTIONAL FACILITIES

The availability of the CBA conventional facilities for use in the Rel-

ativistic Heavy Ion Collider represents an unprecedented opportunity to build

the collider at minimum cost. The existing tunnel configuration provides for

six experimental areas where the ring beams will cross. Four areas have been

provided with the major structures necessary for an operating experimental area.

The RHIC lattice will use these existing areas which are at the 2, 4, 6 and 8

o'clock locations (see Fig. 1-1). The 4 o'clock facility is an "open area" and

is suitable for the proposed internal fixed target mode. The proposal calls for

closing the ring gaps at each of the two undeveloped areas - 10 and 12 o'clock -

using the standard tunnel cross section and adding support buildings, thus mak-

ing the ring operational. These areas will be available for development as ex-

perimental facilities at a later date thus maintaining tha option of adding ex-

perimental halls for future experimental needs.

The experimental halls at 2, 6 and 8 o'clock are fully enclosed struc-

tures complete with support buildings. The area and height of the facilities

vary and each is equipped with overhead cranes, air conditioning, and sprinkler

protection and has direct access from grade. Table V-l gives the dimensions,

crane capacities and beam heights in each of these facilities as well as the 4

o'clock open area. This area has a concrete deck capable of supporting portable

shielding blocks in varying configurations. All conventional services including

a support building are in place.

The Collider Center (approximately 50,000 square feet), consisting of

a Cryogenic Wing, a Compressor Structure and a four level Main Building is com-

plete. The air conditioned main building contains technical shops, an RF/Power

Supply wing, office and conference room space and space for the- collider control
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Table V-l. Summary of Hall Dimensions (m)

2.

4.

6.

8.

Small Angle
Central Hall

Forward Exper-
mental Building

"Stub"

Open Area 4

Wide Angle

Major Facility
Central Hall

Forward Experi-
mental Buildings (2)

Assembly Builaing

Length

28

68

91

57**

16

19

16

19

Width

12

7.9

2.4

37**

32

15

9

19

Beam
Height

1.7

1.7

1.0

2.2

4.3

5.2

3.3

5.2

Hook Height and
Capacity (tons)

6.1/20

5.3**

2.0*

_ — *

10/2x20

11/40

6,6*

11/40+14/7.5

*No crane - ceiling height given
**Pad dimensions given

center. The RHIC cost estimate includes funding to complete such items as a

power substation for the accelerator rf and Power Supplies Wing, site improve-

ments such as paved access roads, hardstands, parking areas, yard lighting and

general restoration of drainage and grounds.

Construction of the utility^services, roadways, drainage and other

site improvements for the CBA have' been underway since 1979. All have been com-

plete except for some paving and site work. The extension of the 69 kV substa-

tion was completed in May 1982. The underground ductbank for electrical power

and communication distribution was completed in 1981. Installation of conven-

tional power feeder cables to the Collider Center was finished in 1982. Instal-

lation of the balance of the power cables around the Ring Road ductbank and the

unit substations at areas 2, 4, 6 and 8 o'clock location was completed in the
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Spring of 1983. The Main Ring from the midpoint of Sextant 9 to the midpoint

of Sextant 1, approximately one-third of the enclosure, is without permanent

power, lights, fire alarm, HVAC and dehumidification. The completion of the

Main Ring and construction of the two support buildings at areas 10 and 12

o'clock is required to supply the utility services to these areas _o make the

ring operational. These costs are included in this pro\ ll.
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VI. COST AND SCHEDULE

VI.1. Construction Cost

The RHIC cost estimate was completed by developing costs utilizing the

"bottom-up" approach by each system manager. Each manager prepared cost ele-

ments broken down into purchased material, labor, and other miscellaneous costs

both for the hardware and Engineering, Design, Inspection, Administration (EDIA)

work breakdown structure .elements.

Technical and cost reviews were held by the Task Force management and

then were presented to BNL management.

The BNL RHIC Task Force developed the present cost estimate assuming

completion of the Tandem AGS Transfer Line Project now under system testing, and

the Booster Project started in FY 86. All costs are shown in FY 86 dollars.

Figure VI-1, the KHIC Work Breakdown Structure, represents the frame-

work of the technical, cost, and schedule effort. All system managers have

prepared estimates for labor, purchased parts, and other expenses. The WBS

shows detailed breakdowns for the following Level 2 construction elements.

Accelerator Systems

Conventional Facilities

Systems Engineering (EDIA)

Project Management (EDIA).

All summary costs are shown in Table VI-1. Table VI-2 has the RHIC

manpower, in man-years, for each WBS element.
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RHIC KORK BREAKDOWN STRUCTURE

RHIC l.D

ACCELERATOR SYSTEM 1.1 CONVENTIONAL FACILITIES 1.
I I

CONSTRUCTION 1.2.1 A/E

RID 1.3 SYSTEMS ENGINEERING 1.4 PROJECT MANAGEMENT 1.5

MAGNET SYSTEtt 1.1.1
HA6NET ELEC.SYSTEM 1.1.2
CRYD6ENIC SYSTEM 1.1.3
VACUUM SYSTEM l.i.4
INJECTION SYSTEM 1.1.5
BEAM DUMP SYSTEM 1.1.&
RF SYSTEM 1.1.7
BEAN 1NSTR.SYSTEH 1.1.8
CONTROL SYSTEM 1.1.9

1.2.2

LAND IMPROVEMENTS
MAGNET ENCLOSURE
COLLIDER CENTER
6AS STORAGE AREA
RESEARCH AREAS
SUPPORT BUILDINGS
UTILITIES

.2.

.2.
.2.
.2.
.2.
.2.
.2.

.1

.2

.3

.4

.5

.6

.7

MAGNET
MAGNET ELECTRICAL
CRYD6ENIC
VACUUM
INJECTION
BEAN DUMP
RF
BEAM INSTR.
CONTROLS 1
ACC.PHYSICS
CONSTRUCTION 1
ADMINISTRATION

1.3.1
1.3.2
.3.3
1.3,4
.3.5
1.3.6
.3.7
1.3.8
.3.9
1.3.10
.3.11
1.3.12

MA6NET SYSTEM
HA6NET ELEC.SYSTEM
CRYOGENIC SYSTEM
VACUUM SYSTEM
INJECTION SYSTEM
BEAM DUMP SYSTEM
RF SYSTEM
BEAM INSTR.SYSTEM
CONTROL SYSTEM
ACCELERATOR PHYSICS
CONSTRUCTION

1.4.1
1.4.2
1.4.3
1.4.4
1.4.5
1.4.6
1.4.7
1.4.8
1.4.9
1.4.10
1.4.11

MANAGEMENT SYSTEMS 1.5.1
QUALITY ASSURANCE 1.5.2
PR0J.M6ftT.ADN. 1.5.3
SAFETY 1.5.4

START-UP 1.4

MAGNET SYSTEti
MAG.EUC.SYSTEM
CRYOGENIC SYSTEM
VACUUM SYSTEM
INJECTION SYSTEM
BEAM DUMP SYSTEM
RF SYSTEM
BEAM 1NSTR.SYSTEM1
CONTROL SYSTEM
ACC.PHYSICS
CONSTRUCTION
ADMINISTRATION 1.

.6.1
6.2
,6.3
6.4
.6.5
6.6
,6.7
6.B
.6.9
6.10
,6.11
6.12

Fig. V I - 1 . RHIC Work Breakdown S t r u c t u r e .



Table VI-1. RHIC Cost Estimate Summary (M$)

1.

1.

1.

1.

1.

1.

1.

1.

1.

1,

1,

1

1

1

1

1

1.

1.

1.

,1.

,1.

,1.

.1.

.1.

.1.

.2

.2.

.2,

.4

.5

1

2

3

4

5

6

7

8

9

,1

.2

WBS

Accelerator Systems

Magnets

Mag. Elect. Syst.

Cryogenics

Vacuum

Injection

Beam Dump

RF

Beam Instrumentation

Controls
Sub-total

Conventional Facilities

Construction

Site Improvements

Tunnel & Buildings

Utilities
Sub-total

AEM

EDIA

Systems Engineering

Project Management

Incremental Overhead
Sub-total

Total

Contingency

Project Total (FY 86 M$)

MSTC

51.4

10.3

1.0.7

2.9

6.6

2.6

4.3

1.3

6.0

0.6

3.0

0.8

0.6

1.7

2.6

LABOR

8.0

2.5

3.2

1.7

2.2

0.6

1.0

0.8

1.3

16.3

4.4

TOTAL

59.4

12.8

13.9

4.6

8.8

3.2

5.3

2.1

7.3
117.4

0.6

3.0

0.8
4.4

0.6

18.0

7.0

6.4
31.4

153.8

24.4

178.2
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Table VI-2. RHIC Manpower Estimates in Man-Years

TEST & PROJECT
WBS ASSEMBLY WBS EDIA TOTAL

Magnets

Mag. Elect. Syst.

Cryogenics

Vacuum

Injection

Beam Dump

RF

Beam Instrumentation

Controls

Accelerator Physics

Construction

Sub Total

1.1.1

1.1.2

1.1.3

1.1.4

1.1.5

1.1.6

1.1.7

1.1.8

1.1.9

181.0

54.0

76.7

35.2

45.3

13.5

20.0

16.5

29.0

471.2

Project Management

Management Systems

Quality Assurance

PM Administration

Sub Total

Total 471

1.4.1

1.4.2

1.4.3

1.4.4

1.4.5

1.4.6

1.4.7

1.4.8

1.4.9

1.4.10

1.4.12

56.5

20.2

35.0

18.2

36.0

13.5

17.8

14.0

76.5

15.0

2.8

237.5

74.2

111.7

53.4

81.3

27.0

37.8

30.5

105.5

15.0

2.8

305.5 776.7

1.5

1.5

1.5

.1

.2

.3

26.5

16.5

43.0

86.0

392

26.5

16.5

43.0

86.0

863.0
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VI.2. Construction Schedules

Figure VI-2 shows a logic network for all integrated systems with the

completion of the Project in October 1991. The Construction Master Schedule

with system milestones is shown in Fig. VI-3.

The Magnet R&D and Production Schedule, Fig. IV-35, shows construction

starting in FY 88, with the build up of the magnet production rates from FY 89

through FY 90. The 3 year magnet production schedule is predicated on the

funding profile shown in the RHIC Funding Plan (Table VI-3).

OCT. 87 APR. 88 OCT. 90

RHiC
COi-LIDER SYSTEM NETWORK

APR. 91

PROJECT
START

MAGNET
PRODUC-

TION
START

MAGNET
PRODUC-

TION
COMPLETE

MAGNET
IN ST.

COMPLETE
2 RINGS

LJ

111 JUL. 91

- E
VACUUM SYS. COMPL

CRYO DISTRIBUTION COMPL
BEAM DUMP INST. COMPL

RF SYS. COMPL.-|
MAGNET ELECTRICAL SYS COMPL.-

INJECTION SYS. COMPL.-
CONTROL SYS COMPL-

BEAM INSTRUMENTATION COMPL--
UHV SYS. COMPL.

BEAM DUMP SYS. COMPL.-1

JUL 91 SEP 91 OCT 91

START
BEAM
INJ.

- BEAM
CIRC. -

COLL.
BEAM
TESTS

Fig. VI-2. FHIC Collider Systems Network.
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CONSTRUCTION

RHIC MASTER SCHEDULE
ORIG. SCHED. APPR

LAST PLAN CHG.

STATUS AS OF

CALENDAR YEARS

FISCAL YEARS

1986

1986

1987

1987
I

I 1988

1988
i

1989

1989
i

1990 1991

1990 1991
L _

ACCELERATOR SYSTEM

MAGNET

MAGNET ELECTRICAL

CRYOGENICS

VACUUM

INJECTION

BEAM DUMP

RF

BEAM INSTR

CONTROLS

PROJECT
START

MAG
PROD

V

MAC
S1

COLLIDING
BEAMSC

INS1 RINGS BEAM
COMP COLO CIRC

BEAMS

V
PRODUCTION SIAR1 PRODUCTION SIAR1

ARC • OUAO INSERTION MAGNET
ARC I INSERTION DIP QUAD

MAG PROD
SO". CDMPL

MAG
PROO

QUAD PS
MAIN PS PROC

PRo y I

MAIN OUAO
PS PS

V V
TRANSFER

LINE
DESIGN

IHANSfER
LINE

PROC

COMPONENTS
INST
START

YBENO
DIP,

PROO

V

INSERTION
DESIGN

V

KICKER
SYSTEM DESIGN

CONCEPTS START

V
SYSTEM
DESIGNS

V

BEAM
TRANS

TO
_ RING *=-,
V Y BEND V

X BEND
INST

CAVITY AND
PA

PflOC

LOW
LEVEL

DESIGN

CLOSED
DRGI1

DESIGN

IN T

CONSOLE
DESIGN

V
DATABASE COMPUTER

DESIGN BIOS
SYSTEM REIWAY

DEMD INST

V V

MAG
INSI

V
SYSI SYST
TEST INST

V V
euro
DIST
SYST
INSI

V
UKV

INSI SYST

vvIAS1
KICKER START
INST BEAM

5 ItSI INJ

V V
SYST BD

p n n n INST SYSI
rnUU .—. t—7

COMPLW V

RF SYST

V
Bl

INSI SYST

V V
CONTROLS

INSI

V7

NOTE ALL MILESTONES ARE CONSIDERED
COMPLETIONS UNLESS STATEO OTHERWISE

Fig. VI-3. Construction Master Schedule.



VI.3. RHIC Funding Plan

The annual funding needs based on the schedules and manpower require-

ments of the previous section are presented in Table VI-3. The Presidential

Budget figures for FY 87 foresees 2 M$ (FY 87 $), which is significantly below

those assumed in Table VI-3. BHL management has submitted to DOE a Field

Task Proposal for RHIC R&D with a revised request for FY 87. However, the

implications of a low R&D funding in FY 87 on the RHIC construction schedule

are being evaluated.

Table VI-3. RHIC Funding Plan (FY 86 M$)

Construction (Materials, Labor,
EDIA & Contingency)

Magnets

Other Systems

Conventional Systems

Total

R&D

Magnets

Other Systems

Sub-Total
G&A

Total

Start-Up (including G&A)

Man-Years
Construction

R&D

Start-Up

FY 87

-

-

—

4.2

4.3

8.5
3.7

12.2

-

—

104

-

88

21.7

13.3

5.2

40.2

3.1

3.7

6.8
3.0

9.8

-

159

91

-

89

34.3

35.7

_

70.0

-

—

-

-

-

310

-

-

90

13.7

33.6

—

47.3

-

_

-

-

5.0

265

-

46

91

5.5

15.2

_

20.7

-

-

-

10.0

129

-

82

Total

75.2

97.8

5.2

178.2

7.3

8.0

15.3
6.7

22.0

15.0

863

195

128
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VI.4. RHIC R&D Requirements

A detailed R&D plan for the RHIC project has been prepared and is

presented in a separate document. R&D work relevant to the general specifica-

tion of a heavy ion collider has been undertaken by BNL as part of its Explor-

atory Research Program. These funds have supported accelerator physics studies

of machine problems which are unique to the acceleration, storage and collision

of high energy heavy ion beams, and have been used to model single-layer

superconducting dipole magnets which test the design concepts described in Sec-

tion IV.4 of this proposal. This proposal and the concomitant R&D plan assume

that R&D funding specific to a RHIC construction program begins in FY 87.

The plan addresses all major R&D tasks which have to be performed

prior to or during the construction phase, with priorities carefully chosen to

provide completion milestones which integrate with the proposed four year con-

struction period beginning in FY 88. The estimated total manpower requirements

for R&D and construction are shown in Fig. VI-4. Note that all of the R&D ef-

fort is completed by the end of the first year of construction.

A summary of the major R&D milestones is given in Table VI-4.

Fig. VI-5 shows the R&D master schedule. The required funding is summarized

in Table VI-3.

*"R&D Plan for a Relativistic Heavy Ion Collider," BNL 36818,-May 1986,
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Fig. VI-4. R&D and Construction Manpower.
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Table VI-4. SUMMARY OF MAJOR R&D MILESTONES
(ALL MILESTONES ARE COMPLETIONS)

MAGNET SYSTEM
COLD TEST FIRST 9.7m ARC DIPOLE JAN. 1987
COLD TEST ARC QUADRUPOLE MAGNET JUN. 1987
COOL DOWN OF FULL CELL SEP. 1987
ARC MAGNET R&D APR. 1988
COOL DOWN OF FULL SCALE STRING JUL. 1988
INSERTION MAGNETS RS-.D OCT. 1988

MAGNET ELECTRICAL SYSTEM
ELECTRICAL SYSTEM FOR CELL TEST SEP. 1937
ELECTRICAL SYSTEM FOR STRING TEST JUL. 1988
QUENCH PROTECTION RS-.D OCT. 1988

CRYgGENICL SYSTEM
RECQOLER" READY FOR CELL TEST APR. 1987
FABRICATE INTRARING TRANSFER LINE JUL. 1987
R&D REFRIG. READY FOR CELL TEST AUG. 1987

VACUUM SYSTEM
SECTOR.VALVE SELECTED OCT. 1988
STANDARD INSERTION CONCEPTS OCT. 1988
INTERNAL TARGET CONCEPTS OCT. 1988

INJECTION.SYSTEM
SYSTEMHDESIGN CONCEPTS OCT. 1987
KICKER MODEL TEST OCT. 1988

BEAM DUMP SYSTEM
BEAM DUMP COMPUTER SIMULATION APR. 1988
SYSTEM DESIGN CONCEPTS OCT. 1988
KICKER MAGNET MODEL TEST OCT. 1988
BEAM SCRAPING COMPUTER SIMULATION OCT. 1988

RF SYSTEM
CAVITY AND AMPLIFIER DESIGN STUDY APR. 1987
CAVITY AND AMPLIFIER MODEL APR. 1988
LOW LEVEL RF SYSTEM CONCEPTS OCT. 1988

BEAM INSTRUMENTATION SYSTEM
PICKUP ELECTRODE DESIGN OCT. 1987
BEAM POSITION ELECTRONICS DEVEL. OCT. 1988
BEAM INSTRUMENTATION CONCEPTS OCT. 1988

CONTROLS SYSTEM
FULL CELL OPERATION SEP. 1987
SYSTEM DESIGN APR. 1988
RELWAY UPGRADE R?<D APR. 1988
ACCELERATOR MODEL CONCEPTS OCT. 1988

ACCELERATOR PHYSICS
LATTICE FINALfZED OCT. 1986
MAG.ERROR & CORR.COIL SYS.STUDIES OCT. 1987
PERFORMANCE LIMITATIONS STUDIES OCT. 1988
ACCELERATOR COMP. MODEL CONCEPTS OCT. 1988
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R&D

RHIC MASTER SCHEDULE
CALENDAR YEARS

FISCAL YEARS
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VI.5. Operating Costs

We have estimated operating costs for KHIC after the initial start-up

period. We have assumed that this facility will be unique and that

experimenters' demands for experimental time will exceed the facility's capabil-

ity even with very efficient operations. In short, there will be a large back-

log of proposals. We therefore plan on 38 weeks of operation (for example, 34

for physics and 4 for machine studies). It should be noted that in addition,

perhaps up to four additional weeks will be needed for cooldown and warmup of

the magnet system.

As at PETRA and other world class colliders, experimenters will have

the responsibility to operate their detectors and their local experimental

areas. Manpower is thus not included for these functions.

We assume for this estimate that four experimental areas are in use

(2, 4, 6 and 8 o'clock). Major installation costs for detectors are also

assumed to be included in the detectors costs. Table VI-5 summarizes the annual

operating costs and Table VI-6 the associated manpower. These are the

incremental costs for operating the collider, and thus do not include the costs

of operating the injection system (AGS, Booster, and Tandem Van de Graaff).

The startup costs are shown in Table VI-3, for FY 90 and FY 91. FY 92

would be a year having one-half of a full operating program. By FY 93, the pro-

gram should be fully underway.

In addition to these operating costs for RHIC, there are operating

costs associated with the injector systems: Tandem, Booster, and AGS. The esti-

mate of cost for operation of the injector systems is shown in Table VI-7.
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Table VI-5. Operating Cost (FY 86 k$)

Labor 9,380

Purchases 3,100

Electric* 11,780

G&A 5,440

Total 29,700

*Rate (60.4 $/MWh) was 1985 BNL average.

Table VI-6. Operating Manpower (MY)

Operations (shift) 51

Support & Maintenance 103

Shops & Administration 29

DDL __20_

Total 203

Table VI-7. Injectors Operating
Costs (FY 86 k$)

AGS 12,800

Booster 1,100

Tandem 1,700

Total 15,600
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Furthermore, programmatic operating expenses directly related to the

facility have been estimated at 4.9 M$ per year of full operation. This esti-

mate is for the on-going accelerator research and development tasks associated

with the new machine.

The assumption made in this estimate is that the injector system is

not being used for any function other than as a RHIC injector. (Of course the

AGS could be used to provide fixed target capability for experimental programs

in both particle and heavy ion physics in the early 1990's. If so, the cost of

running as an injector system to RHIC would be somewhat reduced from the 15 M$

estimate given above.)

The total annual operating budget estimate for RHIC including

injectors and on-going accelerator R&D is thus 50.2 M$ (29.7 + 15.6 + 4.9). We

estimate that prior to operation of RHIC, there will be heavy ion beams for fixed

target physics at the AGS involving about 6.7 M$ per year for accelerator opera-

tion. Thus the change from AGS to RHIC collider physics would require an

incremental budget of approximately 44 M$ for facility operations for Relativis-

tic Heavy Ion Physics in 1992.
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VI.6. Detector Plans and Costs

In Section II, we have described the phenomena, the signals and the

probes which will be of foremost importance in the early experiments at KHIC.

These call for an experimental program which involves systematic study of many

different reaction properties. The early configuration of experimental detec-

tors should include instrumentation capable of a broad search with sensitivity

to many of the expected signatures of new phenomena as well as specialized appa-

ratus whose performance is optimized for particular signals (e.g., leptons,

strange particles, jets, e t c ) . The program of early experiments should also

have some degree of flexibility to respond to new theoretical and experimental

developments which may arise during the years when the collider is under con-

struction and the designs of large detectors effectively frozen by long construc-

tion schedules. This flexibility might be achieved by planning for a few rela-

tively small experiments to be approved later in the proposal cycle, and by

phased implementation of the various components of large detection systems.

Planning for development and construction of instrumentation for exper-

iments must begin at an early stage in order to ensure full use of RHIC as soon

as possible. Capital expenditures for detector equipment should begin four

years before turn-on, with most of the cost incurred before the start of the

physics program. Some of the equipment money for fir^t-round experiments could

ba expended during the first year of operation.

On the basis of these considerations we plan that the first round of ex-

periments will use the four completed experimental areas. Our planning assumes

an active user pool of more than 300 physicists. In April 1985, a workshop*

was held at Brookhaven to study in some detail a few specific experiments

*"Experiments for a Relativistic Heavy Ion Collider," RHIC Workshop Proceedings
ed. by P. Haustein and C. Woody, BNL 51921 (1985).
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Table VI-8. Summary of Detector Cost Estimates*

$12.

7.

16.

13.

5,

4

6

6

0

4

M

M

M

M

M

1. Calorimeter-based Experiment with "Slit" Spectrometer.

2. Muon Pair Spectrometer

3. Magnetic Spectrometer for Tracking at Mid-rapidity

4. Large Solid Angle Dipole Spectrometer

5. Forward Spectrometer for Fragmentation Regions

$55.0 M

From the April, .1985 Workshop on "Experiments for a Relativistic Heavy Ion
Collider." Estimates are in FY 86 $, exclusive of contingency and
escalation.

for RHIC. Out of this came a set of conceptual designs for a first round of

experiments which would address the essential physics issues as they are now

perceived. Some of these experiments are described in Section II.4. These de-

signs provide a good model for a balanced, flexible program of experiments as

the collider comes into operation. The costs of these detectors, as estimated

by the workshop participants, are listed in Table VI-8.

Using this set of conceptual designs as a model, we estimate the

detection equipment cost, including contingency, to be $62 M (FY 86 $). The

corresponding R&D cost for detectors is estimated to be $9.7 M.
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VII. MANAGEMENT PLAN

VII.1. Overview

The RHIC Management Plan establishes guidelines for management, techni-

cal, and administrative responsibilities throughout the life of the project.

The Management Control System (IMPACT) developed and implemented on

the CBA project encompasses the major DOE guidelines used for Major System

Acquisitions. Reporting requirements will be met using the Uniform Contractor

Reporting System Guidelines (DOE/CR-0001/2) and Cost and Schedule Control Sys-

tems Criteria (DOE/CR-0015) as outlined by the DOE.

The IMPACT (Integrated Management Planning and Control Tracking) Sys-

tem Manual has been reviewed by DOE consultants and preliminary acceptance for

implementation was received. The IMPACT system will be used, with further im-

provement as required, on the RHIC Project.

The RHIC Management Plan is a two section document. Section I is

an overview of technical goals, and Section II covers project management descrip-

tions for administrative functions. Table VII-1, describes the Table of Con-

tents of the plan.
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Table VII-1. Table of Contents of RHIC Management Plan

I. Technical

1. Introduction
2. Overview of Goals
3. Organization
4. Work Breakdown Structure

5. Work Statements

II. Management

1. Management Control System

2. Schedules
3. Manpower and Cost
4. Quality Assurance
5. Configuration Management
6. Safety
7. Laboratory-wide Directives
8. Reporting Requirements

VII.2. Work Breakdown Structure

i. WBS Elements

Figure VI-1 shows the RHIC Work Breakdown Structure used as the basis

for all technical objectives and required management systems.

It is extended to Level 3 elements where cost and schedule performance

data is collected, analyzed with respect to plans, and reported on in accordance

with internal (IMPACT) BNL and DOE requirements.

All subsystems such as CPM/PERT and Accounting will have complete

traceability to the WBS names and numbering system.
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ii. Organization Responsibility

A WBS/Organization Responsibility Matrix shall be completed showing

the integration of the Organization Chart with the Work Breakdown Structure.

Identified managers are responsible for all aspects of technical and

administrative planning to complete the objectives of the assigned RHIC tasks.

Responsibility of maintaining the WBS planning and reporting format is

assigned to the Management Systems Group,

iii. Reporting Requirements

All required DOE documentation shall be traceable to the Work Break-

down Structure, and in accordance with DOE reporting requirements checklist

DOE-CR-537. BNL has fulfilled its reporting commitments over the past few years

and is very familiar with the Major System Acquisition reporting requirements,

iv. WBS Dictionary

The Work Breakdown Structure Dictionary and Index as developed for the

project shall continue to be updated and maintained as a formal set of documents

in the IMPACT System. All Level 1, 2, and 3 Dictionaries shall be updated to

the technical, cost, and schedule objectives of the Work Breakdown Structure.

VII.3. Management Control System

i. General

The Management Control System IMPACT (Integrated Management Planning

and Control Tracking System) will be used on the RHIC Project.

The IMPACT Manual has been reviewed by two different DOE Consultants

and the present revision reflects all agreements and changes as a result of

these reviews. BNL has received preliminary acceptance of the system. Improved

modifications are expected during its implementation.
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BNL completed the implementation of IMPACT on the CBA Project and

reporting requirements were achieved on the Construction Work Breakdown Struc-

ture .

Direct responsibi l i ty for control and maintenance of the system i s

assigned to the Management Systems Group,

i i . Subsystems

The Management Control System is organized by subsystems which provide

uniform guidelines for a l l managers responsible for technical as well as adminis-

t ra t ive goals, working within the framework of the Work Breakdown Structure.

The IMPACT Manual summarizes a l l guidelines under the following

subsystems:

1) Organization
2) Planning and Budgeting
3) Accounting
4) Analysis
5) Revisions

6) Reporting

Figure VII-1 shows the Overall System Flow of functional responsi-

bilities across the management control subsystems.
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APPENDIX. SHIC PARAMETER LIST

10.7

26

26

26

26

25

197Performance ( 7gAu)

Design energy per beam

Injection kinetic energy

Luminosity @ 100 GeV/amu, lOh av & 0 mrad 4.4x10

@ 100 GeV/amu, lOh av & 2 mrad 1.2x10

@ 30 GeV/amu, 10h av & 0 mrad 0.6*10

@ 30 GeV/amu, 10h av & 2 mrad 0.5x10

@ 7 GeV/amu, 2h av & 0 mrad 1.2X10

g

Number of ions per bunch l.lxlo

Number of bunches per ring 57

Beam current, average 65

Bunch separation 67

_3

Beam-beam tune shift, initial, 0 mrad 2.5x10

Normalized emittance @ 100 GeV/amu & lOh 28

@ 30 GeV/amu & lOh 33

Bunch phase space area @ 100 GeV/amu & lOh 12

@ 30 GeV/amu & lOh 2.5

Beam height @ crossing, @ 100 GeV/amu & B = 3m 1.8

@ 30 GeV/amu & 3* = 6m 5.1

Beam width @ crossing, @ 100 GeV/amu & B* = 3m 1.8

@ 30 GeV/amu & B* = 6m 5.1

100 GeV/amu

GeV/amu

-2 -1
cm sec

—2 ~1
cm sec

-2 -1
cm sec

-2 -1
cm sec

-2 -1
cm sec

Diamond length rms @ 100 GeV/amu, 0 mrad

@ 30 GeV/amu, 0 mrad

@ 100 GeV/amu, 2 mrad

@ 30 GeV/amu, 2 mrad

±106

±50

±27

±42

mA

m

If mm'mrad

T mm'mrad

eV*sec/amu

eV*sec/amu

mm

mm

mm

mia

cm

cm

cm

cm
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Experimental Insertions

Number of insertions 6

Beta vert @ crossing @ 100 GeV/amu 3.0 tn

@ 30 GeV/amu 6.0 m

Beta horiz @ crossing @ 100 GeV/amu 3.0 m

@ 30 GeV/amu 6.0 m

Dispersion @ crossing 0 m

X1 @ crossing 0
*

Beta max. (horiz/vert) @ P = 3 m 400 m

@ $ = 6 m 225 m

Crossing angle 0-2 mrad

Free space @ crossing -9 m

Insertion length, inner 141.74 m

outer 141.77 m

Lattice

Circumference, 4 3/4 CAGg 3833.87 m

Radius of arcs, average 381.23 m

Dipole bending radius, beam 243.88 m

Beam separation in arcs 90 cm

Betatron tune (horiz/vert) 28.8

Transition energy, Y™ 25.0

4c

Natural chromaticity (horiz/vert) @ 8 = 3 m -57

@ B* = 6 m -45

Operating chromaticity (horiz/vert) «D

Number of cells per arc 12

Half cell length 14.81 m
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Beta max @ arc center (horiz/vert)

Dispersion max @ arc center

Phase shift per cell (horiz/vert)

Dynamic acceptance

Momentum aperture

Magnets

Number of dipoles (180/ring +12 common)

Number of quadrupoles (276 arc + 216 insertion)

Arc Magaets

Number of arc dipoles

Number of arc quadrupoles

Magnetic rigidity, BP @ injection

@ top energy

JB dfl,, Half cell @ 100 GeV/amu

JB'dJl, Half cell @ 100 GeV/amu

Dipole Field @ 100 GeV/amu

Quench field

Current @ 100 GeV/amu

Dipole magnetic length

Dipole yoke length

Dipole bending radius, mechanical

Sagitta

Quadrupole magnetic length

Gradient

Coil i.d. arc magnets

Tolerance integral AB/B in dipole @ 0 cm

50.1 m

1.52 m

90°

7.2 IT mrad'mm

±1.2 %

372

492

288

276

95.5

839.5

32.62

83.45

3.448

^.6

4.56

9.46

9.7

250

4.7

1.24

67.4

8.0

5xl0~4

T'm

T'm

T*m

T

T

T

kA

in

m

m

cm

m

T/m

cm

rms
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Nonlinear error AB/B in dipole @ 2.5 cm

Tolerance integral AG/G in quad @ 0 cm

Nonlinear rms error AG/G in quad @ 2.5 cm

Yoke aperture

Yoke diameter

Vacuum vessel o.d.

Stored energy, dipole, max

Stored energy, quadrupole, max

Insertion Magnets

Strength J*E d£, BC1

Field @ 100 GeV/amu, BC1

Coil, i.d., BC1

Strength JB dJl, BC2

Field @ 100 GeV/amu, BC2

Coil, i.d., BC2

Gradient in Ql, Q2, Q3

Coil aperture

Arc Sextupole & Corrector Magnets

Dipole strength, horizontal & vertical

Quadrupole strength, normal & skew

Sextupole strength, JV'dJl

Octupole strength, /B'"d£

Power Supplies

Main supply current capability

Main supply voltage maximum

Main supply voltage, flat top

278

5x10"4

2xlO~3

7xlO~4

10.92

26.67

56

770

45

15.27

4.63

20

12.01

2.73

10

57.4

13.1

0.3

1.5

800

3600

5.5

650

75

rms

rms

rms

cm

cm

cm

kJ

kJ

T*m

T

cm

T*m

T

cm

T/m

cm

T#m

T

T/m

T/m2

kA

V

V



Number closed orbit correction supplies 354

Total number power supplies 626

Cryogenic System

Maximum operating temperature 4.6 K

Temperature, refrigerator output 4.3 K

heat shield, av. 55 K

Mass flow in magnets 300 g/sec

Heat load, dipole vessel primary 3.5 W

dipole vessel secondary 20 W

magnet system primary 3.0 kW

distribution system primary 1.3 kW

lead system 5.6 kW

total primary 9.9 kW

total secondary 25.3 kW

System capacity, primary 25 kW

secondary 55 kW

Number of compressors, first stage 20

second stage 5

Compressor power requirements 9 MW

Helium pressure in magnets, operation 5 atm

cooldown 15 atm

Cooldown time, entire system 10 days

Magnet replacement time 6 days

Vacuum Systems

Vacuum chamber, aperture 7.29 cm

Pressure, H in warm section <10 Torr
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Bake out temperature 250

Cold bore molecular density, H« and He

Cold bore pressure, room temperature equivalent 10

3x10°

-10

Insulating vacuum

AGS energy, kinetic

Au ions/AGS pulse

Normalized emittance

Longitudinal phase space

Bunch length

Momentum spread

AGS pulses stacked/ring

Ions/collider ring

Total filling time, per ring

Kicker rise time

Kicker deflection

Septum #1 deflection

Septum #2 deflection

Stored energy per beam

System response time

Kicker rise time

Kicker strength

Rotation frequency

Harmonic number

Injection System

<lxio"5

10.7

l.lxlO9

10xl0"6

0.3

±9.6xl0

6.3xlO

17

-4

57

10

cm

Torr

Torr

GeV/amu

IT rad»m

eV'sec/amu

nsec

min

Internal Beam Dump

Rf System

190

2.7

82

9

300

50

3

<i4

78.196

342

nsec

mrad

mrad

mrad

kJ

Usec

lisec

kG'm

kHz
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r f frequency 26.743 MHz

Synch, osc. frequency @ top energy ^50 Hz

Total rf voltage 1.2 MV

Number of cav i t i e s per r ing 6

Shunt impedance per cavity 0.9 ffl,

Impedance to beam per cavity 0.3 MQ

Microwave impedance, Z/n, r i ng t o t a l 5 fl

Accelerat ion period 1 min

Frequency change 1%

r f phase angle 2.3°

Maximum B 500 G/sec

Bunch area @ t r ans i t i on 1 eV'sec/amu

Momentum spread @ t rans i t ion -1.2%

Bucket length, storage mode 11.2 m

Bunch-to-bunch separation 67.3 m

Conventional Facilities

Main tunnel width 5.0 m

height 3.4 m

Injection tunnel width 3.0 m

Size, narrow angle hall 27.7x12.2x8.4 m

3
wide angle hall 16.1x32.0x12.2 m

3
major facility 50.9x17.4x14.3 m

2
Open area 57.3x29.3 m
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Beam height, narrow angle hall

wide angle hall

major facility

open area

Floor area, collider center

compressor structure

inj/ejec. PS building total

support building total

if tunnel structure

1.7

4.3

5.2

2.2

42200

10000

12000

14300

1800

m

m

m

m

ft

ft

ft

ft

ft
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