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Preface

In August 1984 Brookhaven National Laboratory submitted a proposal for the
construction of a Relativistic Heavy Ion Collider (RHIC) to the U.S. Department of
Energy. A Conceptual Design Report for the RHIC facility was completed in May 1986
after detailed reviews of the machine design, and of the requirements of the physics
research program. Since that time an extensive R&D program has been initiated and
considerable work has been carried out to refine the design and specification of the major
accelerator components, as well as the needs for research detectors, and to prepare the
project for construction. This document is an update of the Conceptual Design Report,
incorporating the results of work carried out since the beginning of Fiscal Year 1987
when a formal R&D program for the RHIC project funded by DOE was initiated.

In 1983, the DOE/NSF Nuclear Science Advisory Committee (NSAC) noted a
renaissance in nuclear physics. An assessment of the major scientific questions 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, 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."

This priority has been reaffirmed by subsequent NSAC subpanels and echoed in the
National Research Council report Physics through the 1990's (Brinkman Report, January
1986). The proposed RHIC facility Wiii fulfill all of the requirements for this important
goal of the U.S. scientific program.

The U.S. Department of Energy is presently funding a program of experiments with
high energy heavy ion beams which is taking the first steps toward this new frontier of
exploration for nuclear physics, and the Brookhaven accelerator facilities are playing a
central role. The project to link the Tandem Van de Graaff and the AGS, completed in
1986, allows ions up to mass 28 (silicon) to be accelerated in the AGS to an energy of
14.6 GeV/u. Several major experiments are now utilizing these beams. The completion
of the AGS Booster Synchrotron, expected in 1991, will extend the mass range to the
heaviest ions (A = 200, e.g., Gold) in the near future. 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.

This report has no major changes in the scope of the project. Since the initiation, in
FY 1987, of a formal R&D program, considerable progress has been made on the
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superconducting magnets, the RF system for acceleration and storage, the injection and
beam dump system, all of the critical accelerator physics issues, and the design of
experimental facilities and detectors. Six full-size dipole magnets have been built to the
RHIC design and successfully tested. Full-size quadrupole magnets have also been
constructed and tested, as has a sextupole magnet. The next major milestones in the
magnet R&D work involve a system test of a full cell of the arc lattice, and industrial
fabrication of dipole magnet prototypes to the full RHIC specifications. A substantial
change has been made to the RF system in order to improve the performance of the
collider as a scientific instrument. As described in this report, the RF system now
consists of separate systems for acceleration and storage. With this RF design, the length
of the luminous "diamond" over which the beams interact is kept to a small, useable
value (22 cm rms) throughout the beam lifetime.

This report is accompanied by a complete R&D plan, dated October 1988, which
has been submitted as a separate document. The plan addresses all of the major R&D
tasks which remain to be performed prior to and during the construction phase. It also
summarizes the R&D work done to date. 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.

Since 1985 a RHIC Policy Committee, made up of leaders from all segments of the
international nuclear physics community, has advised the Director of Brookhaven Na-
tional Laboratory on matters relating to the design, funding, construction and use of the
proposed facility. This committee, which has been chaired by D. Allan Bromley of Yale
University, has met once or twice each year and has provided strong community input
and endorsement to the main features of the proposal presented here. The committee will
continue to play an influential role in the planning for RHIC.

During the last several years a series of three major workshops have been held, each
involving more than 100 physicists, for detailed evaluation of possible detectors and of
the basic physics ideas for a research program at RHIC. The proceedings from these
workshops are available, and the highlights are summarized in this report. These efforts
have produced a set of conceptual designs for a possible first round of experiments.
These detector designs were developed by a broad segment of the international commu-
nity of potential users, and are serving as a concrete basis for estimating costs,
determining needs for detector development, and for assessing the physics potential of
the machine.

In May 1987 the proposed RHIC project was subjected to a rigorous technical, cost
and management review by DOE. This was followed by an Independent Cost Estimate
(ICE) Review. The main conclusion was that the project is "ready to proceed with
construction funding." We are indeed ready and eager to move ahead.

IV



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/u 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 Laboratory, its scientific and technical staff, and its Directorate have complete
confidence 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 elementary particle
physics.

Nicholas P. Samios
Director
Brookhaven National Laboratory
May 1989
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I. SUMMARY

I.I. Introduction

With the introduction of the quark model, speculation began on the possibility 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 Chromodynamics
(QCD) as a fundamental theory of strong interactions provided confident predictions,
rather than speculations. An international community has since developed among nuclear
and particle physicists with a common interest in the possibility of creating and studying
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 vhe
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 series of
workshops, discussions at several international conferences, and with the cooperation of
accelerator design experts from many laboratories throughout the U.S. and Europe,
Brookhaven submitted to the DOE a proposed design for a Relativistic Heavy Ion
Collider.1 In May 1986 a Conceptual Design Report was presented, with a detailed
construction olan and cost estimate. These documents describe a unique, world-class
heavy ion research facility which will 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 tunnel with its existing experimental halls, support buildings and liquid helium
refrigerator.

In May 1987 the RHIC proposal was subjected by the DOE to a full-scale technical,
cost and management review. This was followed by an Independent Cost Estimate
review. On the basis of these reviews, the project was declared ready to proceed to the
construction phase. Beginning in fiscal year 1987, R&D funding has been allocated to

RHIC and Quark Matter: Proposal for a Relativistic Heavy Ion Collider at Brookhaven National
^Laboratory, BNL 5 I 801 (1984).
'Conceptual Design of the Relativism- Heavy Ion Collider, BNL 51932 (1986).



the project by DOE, the amounts through FY 1989 totaling approximately 15 million
dollars. During this period a series of full-size superconducting dipole magnets for the
RHIC arc lattice have been built and successfully tested, as have prototypes of the
quadrupole and sextupole magnets. Industrial manufacturing studies have been carried
out for the dipole magnets, and the design has been tailored to make them particularly
suitable for mass production. Considerable progress has been made on other critical
accelerator components, including the injection and beam dump system, the acceleration
and storage rf system, a wide range of detailed accelerator physics issues, and the design
of experimental facilities and detectors. The present report is an update of the May 1986
Conceptual Design Report, taking account of the continued planning and R&D effort
since that time. There are no major changes in the scope or cost of the proposed project.

In the meantime, the widespread interest and excitement attending the promise of an
entirely new field of exploration in experimental and theoretical physics have continued
to attract growing numbers of nuclear and high energy physicists. For about two years
now, a large community of scientists has been carrying out the first experiments with
high energy nuclear beams accelerated in the Brookhaven AGS and CERN SPS accelera-
tors. These experiments, utilizing fixed targets and still investigating collisions of
relatively light ions (A < 32) are pioneering efforts which represent the first steps into the
vast unexplored territory which RHIC will open up. The general characteristics of events
seen in these fixed-target experiments bear out the early expectations for large, thermal
energy deposition in violent nuclear collisions, and they point the way for extending
further the range of thermodynamic conditions over which to study new forms of dense
hadronic matter. These experiments have shown that sensitive measurements can be
carried out in the difficult, high-multiplicity environment of nuclear collisions at
extremely high energy, and are a testing ground for many of the detector techniques that
will be used in experiments at RHIC.

Several designs for detector systems at RHIC have been developed in workshops
held at BNL and elsewhere. In a workshop held at Lawrence Berkeley Laboratory3 in
May 1987, a few of the designs for large detector systems at RHIC were examined in
detail to study their technical feasibility, their impact on the design and modes of
operation of the collider, and the range of capabilities for physics research represented
by each. Out of these studies came the need to revise the design of the rf system of the
machine, and guidelines for the directions which seem most promising for future
upgrades of the machine. These issues, as well as detailed designs of detectors, are taken
up in this Conceptual Design Report. With several well-specified concepts now in hand
for large detectors at RHIC, attention in the user community has turned to the need for

H.-G. Ritter and A. Shor (edsj, Proc. of the Second Workshop on Experiments and Detectors for a
Relativistic Heavy Ion Collider, LBL-24604 (1988)



R&D on detector techniques. In July 1988 a workshop was held at BNL to examine the
needs and priorities for detector R&D for RHIC. This workshop marked the beginning
of a technical effort which will involve potential user groups from many universities and
laboratories, and which will grow as the project enters the construction stage.

Brookhaven National Laboratory has distinct advantages and attractive assets for
developing a dedicated heavy ion collider facility in the range up to 100 GeV/u 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 additional undeveloped experimental areas also
exist), and a central control building, are available from the CBA project; a cryogenic
refrigerator system is complete 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/u for beams of gold ions) arises naturally and
simply from the circumference of the existing tunnel (~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 collision energies is available: from -1.5 GeV/u to 100 GeV/u in
the center-of-mass frame. This range would be attained by using the AGS for fixed
target experiments (1.5 GeV/u to 2.5 GeV/u); one collider beam striking an internal gas
jet or wire target (2.5 GeV/u to 7 GeV/u); and the colliding beams of the collider itself
(7 GeV/u to 100 GeV/u). This range of energies, the flexibility of having fixed target
operation as well as beam-beam collisions, and the full range of ion species from
protons to the heaviest nuclei would provide a unique, dedicated, world-class facility
fully consistent with the level of scientific excellence which has been the hallmark of
United States leadership in basic nuclear research.

B. Schivakumar and P. Vincent (eds.), Proc. Third Workshop on Experiments and Detectors for a
Relativistie Heavy Ion Collider (RHIC), BNL 52185 (1988).



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 facility either exists or is
under construction. Only the high-energy collider itself is requested through the RHIC
proposal.

Figure 1-1 shows an aerial view of the accelerator complex. Figure 1-2 is a site plan
showing all of the major components. The two existing, efficient Tandem Van de Graaff
accelerators will serve for the initial ion acceleration. Since only one is required both
Tandems will be available in parallel, so that a spare source of particles will exist. It is
proposed that two-stage operation be employed with the negative ion source at ground
potential. The negative ions, with charge -I, a c iic^eieia^d Ironi g.ound to -; ib MV
potential. They pass through a stripping foil in the high voltage terminal yielding
partially stripped ions, with a positive charge, QT, which is a function of the element
being accelerated. (Ions consic nd specifically for this report are deuterium, oxygen,
silicon, copper, iodine and gold. Other species will be available with uranium being a
definite possibility.) The partially stripped ions are accelerated back to ground potential,
increasing their energy by 15XQT MeV.

Exiting from the Van de Graaff, the ions will traverse a long (-1800 ft) Heavy Ion
Transfer Line (HITL) to the AGS, continue in a new, shorter section by-passing the AGS
(HTB) and proceed to be injected into the Booster synchrotron. The construction of the
Heavy Ion Transfer Line has been completed and was commissioned in 1986. This
transfer line has been used to inject heavy ions (up to silicoa) into the AGS for
experimentation at energies as high as 13.6 GeV/u.

Brookhaven has obtained construction funds since FY 86 from DOE for the Booster
project and present plans foresee completion in 1991. The booster will initially be used
for improving the AGS experimental program; in particular the heavy ion mass range
will be extended to gold.

The Booster is located between the existing 200 MeV proton linac and the northwest
quadrant of the AGS (see Fig. 1-2). Its circumference is one quarter of that of the AGS.
Beam from the Tandem will be injected into the Booster and stacked in betatron phase
space by filling the machine with some number, (n ~ 8), of consecutive turns. For gold
the total number of particles is expected to be -6x10 . The beam is captured in .vhe
Booster using an rf system operating on the third harmonic, i.e., three bunches will be
formed and the num.er of ions per bunch is NB = 2x109. 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 1.27 T, gold ions with Q -
+14 will have a kinetic energy of 72 MeV/u which corresponds to Py = 0.4.



Fig. 1-1. Aerial view of the site, showing the existing and proposed accelerators.



A

s
§ i
* i

EQUIP
AREA/W
EXIT

FUTURE
EXPERIMENTAL
AREA

COLLIDER \\

BEAM C E N T E R \
INJECTION *

BOOSTER CONNECTOR

HEAVY ION
TRANSFER UNE (HITL)

Fig. 1-2. Layout of the RHIC Project - Collider and Source



After extraction from the Booster, the ions pass through one more stripping target (about
70 mg/cm2 for gold ions), where they become stripped to a charge state of 77+ (K-shell
electrons only) and then enter the AGS.

Each particle bunch train transferred from the Booster to the AGS is accelerated to
the top AGS energy (28.1 GeV for protons; 10.4 GeV/u for gold) and is then stripped of
their K-shell electrons and transferred to the collider by a magnet system installed in the
existing transfer line tunnels. A total of 57 bunches are injected 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 an example, there will be
-lxlO9 ions/bunch or ~6xlO10 ions in 57 bunches in each ring. For the lightest ions,
hydrogen and deuterium, approximately 1011 ions/bunch can be stored in the machine as
presently designed. Acceleration will take approximately 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 3.45 T, the
maximum energy is -100 GeV/u for gold and 250 GeV for protons. Maximum
operational flexibility is obtained with single-layer cos9 magnets, which are in separate
vacuum vessels. The beams in the arcs will be 90 cm apart. The coid bore beam tube
aperture was chosen to be 73 mm in diameter, by primarily considering the requirements
due to intrabeam scattering. Full-size dipoles with RHIC specifications have been built
and were tested in 1988. Their quench fields were above 4.5 T as shown in Fig. 1-3
providing the necessary safety margin and the measured field quality was within the rms
tolerances.

It will be possible to produce head-on collisions as well as crossings at angles up to
7 mrad. 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 energy, a luminosity of -2x10 cm" sec"1 averaged over 10 h beam life
time is expected. For protons the expected luminosity will be -lxlO3 1 cm^sec"1.

For head-on collisions the interaction region length will be a constant ±22 cm rms
over 10 hours at all energies. By going to a finite crossing angle, the interaction length
can be reduced to about ±15 cm rms at the expense of a luminosity reduction by a factor
-y2. Good luminosity should be possible for at least 10 h for ion energies from y = 30 to
100. The luminosity over the full range of energies is shown in Fig. 1-4, which includes
the performance for fixed target operation in AGS and RHIC.

The RHIC lattice configuration allows 6 beam interaction 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,
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and the Collider Center, are shown in Figs. 1-5 through 1-11. The area at 4 o'clock is
open, but has a completed concrete floor and a support building. The 10 and 12 o'clock
experimental areas were undeveloped at the termination of the CBA project. The RHIC
proposal 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. The option of adding 2 experimental halls is available for the future.

Fig. 1-5. Interior view of Narrow Angle Hall at 2 o'clock, showing arch-shaped extension of
the experimental area leading to the tunnel proper.



Fig. 1-6. 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.

Fig. 1-7. The Wide Angle Hall at 6 o'clock, with adjoining support building.
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Fig. 1-8. Enlarged section of the tunnel near 6 o'clock. In the background can be seen the
transition structure leading to the Wide Angle Hall (left) and the west injection
tunnel from the AGS (right).

Fig. 1-9. Inside the ring tunnel.
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Fig. 1-10. Interior view of the Cryogenic Wing. The ends of the five cold boxes are visible
behind the cryogenic piping.

Fig. M l . The Collider Center, as seen from inside the RHIC Ring. From left to right: Main
Control Building, Cryogenic Wing, Compressor Structure, and Cooling Towers.
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1.3. Cust and Schedule

Table 1-1 summarizes the costs for constructing the Relativistic Heavy Ion Collider,
making use of all existing resources at Brookhaven National Laboratory. Planning is
based on 6 years for overall project completion. Figure 1-12 is the construction timeline
for RHIC. This schedule reflects the expectation that the magnet production will
represent the critical path throughout the construction of the collider. Based upon this
schedule, initial experimentation could begin about July 1996. Complete details are
found in Section VI.

Table 1-1. RHIC Cost Estimate Summary
($ in millions)

Accelerator Systems and EDIA
Magnets
Other

Conventional Facilities Construction
Detectors
Project Management

Sub-total
Incremental Overhead
Contingency
TOTAL (FY 90 $)

77.8
88.2

166.0

6.0
76.4

7.9
256.3

7.4
41.8

305-5
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FY90

FY91

FY92

FY93

FY94

FY95

FY96

PROJECT START-OCT '89

START PRODUCTION MAGMETS-OCT 'SO

- - MAGNET PRODUCTION 50% COMPLETE-JAN '93

START PRODUCTION INSERTION MAGNETS-OCT '93

-MAGNET PRODUCTION COMPLETE-SEP '95
MAGNET INSTALLATION COMPLETE-OCT '95

-RINGS READY FOR COOLDOWN-NOV '95
RINGS COLD-JAN '96
START BEAM INJECTION-JAN '96
BEAM CtRCULATED-MAR '96

COLLIDING BEAM TESTS-JUL '96

Fig. 1-12. RHIC 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 conditions of temperature and density: extended
volumes of hadronic matter with energy densities greater than 10 times that of the nuclear
ground state should be realizable, at temperatures which equal or exceed the so-called
"limiting temperature" (Hagedorn Temperature) at which mesons are emitted in high
energy hadron collisions. There is little direct knowledge about what to expect under such
conditions. They have not been detected anywhere in the natural universe, and are just
beginning to be approached through experiments with ion beams in high energy accelera-
tors at Brookhaven and CERN. Thus the proposed facility represents a venture into an
almost completely unknown regime for the study of basic properties of matter.

While this leap into the unknown is by itself a compelling attraction for both
experimenters and theorists, it is also true that very specific goals for discovery and
exploration can be defined within the present understanding of Quantum
Chromodynamics (QCD) - as developed from high energy collisions of elementary
particles - 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 it is possible to 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 nt w state of
matter have been the subject of many recent conferences and workshops.1" Studies with
a variety of theoretical methods have led to the basic expectation that when energy

M. Jacob and H. Satz (eds.), Proc. Bielefeld Workshop, Quark Matter Formation and Heavy Ion
Collisions, (World Scientific, Singapore, 1982).
K. Kajantie (ed.), Proc. Fourth Int. Conf. on Ultra-Relativistic Nucleus-Nucleus Collisions, Quark
Matter '84, (Springer-Verlag, Berlin, 1985).
T. Ludlam and H. Wegner (eds.), Proc. Third Int. Con
Collisions, Quark Matter '83, Nucl. Phys. A418 (1984).
L. Schroeder (ed.), Proc. LBL
P. Haustein and C. Woody (<
Collider, BNL-51921 (1985).

Matter '84, (Springer-Verlag, Berlin, 1985).
T. Ludlam and H. Wegner (eds.), Proc. Third Int. Conf. on Ultra-Relativistic Nucleus-Nucleus

4

L. Schroeder (ed.), Proc. LBL Workshop on Detectors for Relativistic Nuclear Collisions, Mar. 1984.
P. Haustein and C. Woody (eds.), Proc. Workshop on Experiments for a Relativistic Heavy Ion

L. Schroeder and M. Gyulassy (eds.), Proc. Fifth Int. Conf. on Ultra-Relativistic Nucleus-Nucleus
7Collisions, Quark Matter '86, Nucl. Phys. A461 (1987).
H.-G. Ritter and A. Shor (eds.), Proc. Second Workshop on Experiments and Detectors for a

gRelativistic Heavy Ion Collider, LBL-24604 (1988).
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densities reach beyond the range 1-3 GeV/fm 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 are illustrated on
the phase diagram of nuclear matter shown in Fig. II-1.

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 challenges for modern experimental physics.

I Central Regions

Tc

-200 MeV

Deconfined Quarks
and Gluons
no Hadrons

'nm
Baryon Density

~5-IOo
in

Nuclear
Fragmentation

Regions

Neutron Stars

•s^Supernovae

nm

Fig. II-1. Phase diagram of Nuclear Matter (G. Baym, Ref. 3). Temperature is plotted vs. net
baryon density for an extended volume of nuclear matter in thermal equilibrium.
Normal nuclear matter appears at the point p n m at zero temperature, and this is the
neighborhood explored by low energy nuclear physics. The region of the phase
transitions corresponding to quark deconfinement (at temperature Tc) and chiral
symmetry restoration is indicated. Above Tc, hadrons dissolve iato quarks and
gluons. Above the temperature of chiral symmetry restoration quarks are massless.
The two critical temperatures may well be coincident. The indicted 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 central rapidity region
among thermally produced particles where conditions may approximate those of the
early universe.
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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 density conditions exhibited in Fig. II-1, in
acclerator-produced collisions of heavy nuclei.

Indeed, the first results from fixed-target experiments with ion beams accelerated in
the Brookhaven AGS and CERN SPS give very encouraging support to such
calculations. ' Those experiments, still involving the acceleration of relatively light
nuclei (up to sulfur, mass 32), give concrete evidence that energy densities of the order
of 1 GeV/fm3 and possibly higher are reached in the baryon-rich nuclear fragmentation
regions accessible at these energies.

Theoretical studies 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 the equations of motion
which describe ordinary hadronic states which gives the pion a nonzero mass in our
present understanding of strongly interacting particles.

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.
It should also be possible to study the physical properties of the QCD vacuum state and
the mechanism of quark confinement, both of which reflect manifestly long-range
phenomena, >n over large distance scales which cannot be realized in collisions of
elementary particles.

Between 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-1. 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, tb^y will add to the direct knowledge of the equation of
state of nuclear matter at densities relevant to the centers of neutron stars. Measurements
of ultrarelativistic heavy ion collisions could provide new insights as to the masses of
neutron stars and black holes, as well ?s providing new information to complement
surface temperature measurements from x-ray telescopes and neutrino emission from
supernovae 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

T. D. Lee in Statistical Mechanics of Quarks and Nadrons, H. Satz (ed.), (North Holland, Amsterdam,
1981).
E. V. Shuryak, Ref. 8, p. 141.
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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 supernova explosions. Thus an
understanding 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-1), 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 conditions approximate those which
existed a few microseconds after the Big Bang, as the cooling cosmos condensed from
one of quarks to one of hadrons. Direct experimental 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 these physics questions are examined further, as well as
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 under conditions of suffi-
ciently high temperature and density is a consequence of asymptotic freedom in QCD
theory: as the distances betweer quarks become very small, as in very high energy
interactions, the forces that bind them tend toward zero.

In QCD theory the interaction forces between quarks are carried by gluons, with the
gluon field produced by source charges called "color." In analogy with quantum
electrodynamics (QED), the gluons play the role of photons, which carry the electromag-
netic force. However, the color dielectric properties of QCD are quite different from the
corresponding properties of QED, and this is 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 io small cavities ("bags") imbedded
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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 acting
upon quarks and gluons.10'11'12 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 estab-
lished 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 "hard scattering" events are observed at
large pT in which quarks and gluons are knocked free of the bags, and then rehadronize
and are seen as jets of hadrons. The formation of quark matter 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 interpenetrate, overlapping one another until the entire volume is
filled with the simple, 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.

Early calculations of the critical parameters for this transition began 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 parame-
terizes the thermodynamic behavior in both phases 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 calculations13

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-1, corresponding to an energy density of the order of a few GeV/fm3.

During the past several years these results have been reinforced by studies of the
phase structure of QCD using the calculational techniques of lattice gauge theory.14'15

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,14 the energy density of an
SU(2) Yang-Mills system evaluated on a space-time lattice and normalized to the value

E. V. Shuryak, Ptays. Rev. 61, 71 (1980).
J. Kapusta, Nucl. Phys. B148, 461 (1979); J. Kuti et al., Phys. Lett. 95B, 75 (1980).

J5H. Satz, Ann. Rev. Nucl. Part. Sci. 35, 245 (1985).
J. Cleymans et al., Phys. Rep. 130, 217 (1986).
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for an ideal gas, as a function of the temperature. The phase transition is dramatically
evident, in this case corresponding to a noninteracting gas of Tc ~ 200 MeV.

The concept of the QCD vacuum state as a complex physical medium embraces 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 spontaneous breaking gives rise to the n
meson and pionic resonances of non-zero 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 theory calculation16 in which a second phase transition occurs
corresponding to the restoration of chiral symmetry. This calculation indicates that both
phase transitions occur at the same point, and both are first-order.

Rapid progress is being made to extend and improve such calculations, taking
advantage of improved techniques as well as advances in available computing power.
Early attempts at including dynamical fermions indicated that the phase transitions may
not be first-order.15 However, the most recent results have "recovered" the first-order
nature of the transition as the lattice simulations have become capable of approaching
numerically the chiral limit of vanishing quark mass.1 There is a broad consensus that a
color deconfining phase transition at Tc ~ 200 MeV, and energy density of the order of a
few GeV/fm3, is a firm prediction of the thermodynamics of finite temperature QCD.

(a) (b)

Fig. II-2. Phase transition of the QCD vacuum: (a) quarks and color fields confined inside the
observable hadrons. The confining medium (shaded) is the ground-siate vacuum, (b)
At high temperature or density the hadrons coalesce into an extended volume of
confinement containing many quarks.

j*J. Kogut ei al., Phys. Rev. Lett. 51, 869 (1983).
See review by M. Gyulassy, Ref. 8, p. 361, and references therein.
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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.1 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 e is normalized to the ideal Stephan-Boltzmann
gas form £SB calculated on the same lattice. The lattice scale, AL, is approximately
equal to 5 MeV.

II.3. Characteristics of High Energy Nucleus-Nucleus Collisions:
Energy Deposition and Thermali/ation

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 extrapolations to high energy nucleus-
nucleus collisions have now been tested against data from the first experiments with high
energy nuclear beams at Brookhaven and CERN.18 These experiments, still investigating
collisions of relatively light ions (A < 32), have established that states of compressed
nuclear matter can be created and studied under laboratory conditions in which extreme
values of energy density are achieved. The data presently under investigation reflect an
environment of high baryon density, at energies where the impinging nuclei axe nearly
stopped in the collision. Further extrapolation is required to predict the behavior at much
higher energies, the collider regime, at which the colliding nuclei fly through the
collision volume without stopping, leaving behind a hot, dense "central region" with
near-zero baryon number in which particles are produced quite literally by heating the

For comprehensive presentations of the first results from ion beam experiments at the Brookhaven
AGS and CERN SPS see Refs. 8, 9.
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vacuum. In the following paragraphs we sketch the central features of these arguments
and address the question of what beam 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 at very high energies of colliding beams is not known
from direct measurement. Much can be inferred, however, from what we do know of
hadron-hadron and hadron-nucleus collisions, and from the recent fixed target nuclear
beams experiments. The central concept is that of "nuclear transparency" (or, alternative-
ly, "nuclear stopping power"): when hadrons collide at high energy they rarely bring
each other w rest, instead they pass through one another with most of the final-state

CHIRAL
FORCE

CONFINEMENT
FORCE

W~e~M°
— 1.2

TEMPERATURE I

Tc =£200 MeV

Fig. II-4. Lattice calculation for SU(3) gauge theory showing a coupled, first-order transition
in the order parameters for the chiral force (\Jr \j/) and the confining force (W).16
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energy carried by leading particles: Particles whose momenta and other properties
closely resemble those of the initial particles prior to the collision. In nucleon-nucleus
collisions the spectrum of leading baryons in the final state gives a measure of the
nuclear stopping power,19 and this can be related to the way energy is deposited in
nucleus-nucleus collision.20 The picture 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
directions at large rapidity (the fragmentation regions), and inelastically produced
mesons 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 = 5-10 GeV/nucleon in the center of mass.1

At this point the energy density in the fragmentation regions has reached its asymptotic,
maximum value. An important consequence of transparency is that the formation of hot
nuclear matter is confined to local regions of coordinate and momentum space. At very
high energies we do not expect the entire nuclear volume to establish overall equilibri-
um, as in simple fireball models. Rather, for example, we must look separately at the
excitation of nuclear matter in the central and fragmentation regions.

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

Predictions such as these can now be tested against the data obtained with oxygen,
silicon and sulfur beams at Brookhaven and CERN.1 The beam energies at the Brook-
haven AGS (-14 GeV/u) and CERN SPS (200 GeV/u) correspond to cm. energies of
approximately 5 GeV/u and 20 GeV/u, respectively. These values (which correspond to
the nucleon-nucleon cm. frame) roughly bracket the energy range in which full stopping
is predicted. The analysis of energy deposition in these experiments has focussed on
the observed spectra of transverse energy, ET, the total energy carried by particle motion
transverse to the direction of the incident beam:

ET = £ E. sin 6.

19

For a summary of recent results see: W. Busza and R. Ledoux, Ann. Rev. Nucl. and Part. Sci. 38, 119
2o1988>"

R. Annishetty, P. Koehler, L. McLerran, Phys. Rev. D22, 2793 (1980); W. Busza and A. S.

Goldhaber, Phys. Lett. 139B, 235 (1984); Recently a great deal of theoretical effort has been devoted
to this subject, for which a recent summary, with references, can be found in S. Date, M. Gyulassy, and
H. Sumiyoshi, "Nuclear Stopping Power at High Energies", Phys. Rev. D32, 619 (1985).

" K. Kajantie. Proc. Bielefeld Workshop, Quark Matter Formation and Heavy Ion Collisions, M. Jacob
and H. Satz eds., (World Scientific, Singapore 1982), p. 39.
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Fig. II-5. Schematic illustration of nuclear transparency in high energy collisions at zero
impact parameter.
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.thwhere E-v, 9; are the energy and angle of the i particle. If the colliding nuclei are
completely stopped in the collision, a simple model for particle production is one in
which the nucleons from the target and projectile interact to form a fireball of hadrons.

22As described by Landau, this fireball expands hydrodynamically as an ideal gas until
23the freeze-out density for pions has been reached. Calculations based on such a model

are compared with data from each of the two fixed-target energy regimes in Fig. II-7. It
will be seen that this expanding fireball model gives a quantitative description of the
transverse energy distribution for nucleus-nucleus collisions at the AGS energy. This
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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. The function form is

e * 0.15 x (2 Am - 1 ) GeV/frn3 .

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

22.
23

L. D. Landau, collected papers No. 88, Izv. Akad. Nauk, Ser. Fiz. 17, 51 (1953).
J. Stachel and P. Braun-Munzinger, "Slopping in High Energy Nucleus-Nucleus Collisions: Analysis

in the Landau Hydrodynamic Model"', Phys. Lett. B (in print).
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Fig. II-7. Transverse energy distributions from nucleus-nucleus experiments at the Brook-
haven AGS and CERN SPS. (Ref. 23).
(a) The AGS data. Curves are calculated for an expanding fireball assuming full

stopping in the nuclear collision.
(b) The SPS data. The dashed curve shows the result of the same model

assuming full stopping for the Au target. The solid curves incorporate a small
amount of transparency.
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success lends confirmation to the prediction of full stopping in this energy range. At the
SPS energy however, the experimental data cannot be described without assuming some
transparency: the calculations of Ref. 23 agree with the data if it is assumed that about
15% of the incident energy is carried away without stopping and does not appear in the
expanding fireball.

For the case where stopping is complete, or nearly so, a comparison of the data with
such a fireball model yields values for the initial temperature and energy density of the
expanding gas of pions. The results, obtained using several different approaches by a
number of experimental groups, indicate that in the most violent of these collisions
(smallest impact parameter; largest £T) initial energy densities exceeding 1 GeV/fm3 are
achieved, with pions produced whose multiplicity and momentum distribution are
consistent with thermal production at a temperature near the limiting (Hagedorn24) value
for ordinary hadronic matter of about 150 MeV.

In summary, for the present discussion the most important results from the early
fixed-target experiments with projectile nuclei of light to intermediate masses are:

1. The amount of energy deposited in the collision is large, and consistent with
extrapolations from proton-nucleus data.

2. The deposited energy appears as large numbers of pions, and other mesons, with
approximately thermal behavior. The number of pions produced is roughly
proportional to the number of interacting nucleons.

3. The transition from full stopping to nuclear transparency appears to set in, as
expected, as cm. collision energy of the order of 10 GeV/u.

4. In these collisions, corresponding to high baryon density, energy densities of the
order of 1 GeV/fm are achieved: approximately seven times that of ordinary
nuclear matter.

At collision energies significantly beyond the threshold for transparency 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-1, with the production of quark
matter in both. The two fragmentation regions are flying apart, 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 of the QCD vacuum. It is at high energy densities in this
central region that we hope to approximate in the laboratory the strong interaction
physics that took place microseconds after the Big Bang.

For very high energy collisions, particle spectra are often displayed in terms of a
useful longitudinal scaling variable called rapidity (v):

" R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965).
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where £ is the particle energy and pL the longitudinal component of momentum.
The measured features of charged particle production in proton-proton collisions at

the CERN ISR (>/s = 30 + 30 GeV) are illustrated in Fig. II-8. The available rapidity
interval (ymax ~ £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 1/2 units. Beyond the central region one observes the
fragmentation regions, each about 2 units wide, where the density of baryons is
comparable to or exceeds the pion density. At the ISR energy the width of the central
region is comparable to that of the fragmentation regions. 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

dN
dY

Fig. II-8. 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 parti-
cles. 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 oi through multiperipheral dynamics-and the characteristic
correlation length is indicated as Lc.
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(logarithmically) with energy. Figure II-9, comparing data from the two CERN colliders,
illustrates these trends.

Here again 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.
However, in this energy range the fireball picture used in the stopping regime does not
apply. The emergence of a rapidity plateau is associated with the so-called "inside-
outside cascade": when a high energy hadronic collision takes place, the constituents
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Fig. II-9. Measured charged particle production at the CERN ISR and SPS colliders showing
the energy dependence.

29



require a proper time To of about 1 fm/c to hadronize. Thus the fast particles produced in
a collision are the last to materialize, while the slow ones, being closest to their rest
frame, appear first. At the very high energies achieved with a collider the formation of a
rapidity plateau corresponds to a scaling behavior25 in which the thermodynamics of the
system are the same within each interval of rapidity in the central plateau. In this domain
the energy density can be expressed in terms of the transverse energy per unit rapidity:

1 d£T 1 oW (™T)
£ ==

Co7tf2

where <mT>, the average transverse mass of produced panicles, is -0.5 GeV. As above,
t o is the hadronization time (~ 1 fm/c) and ET is the total energy carried by particle
motion transverse to the beam (for panicles emitted at y = 0, ET is the total energy).

Assuming that for the central rapidity region the final pion density grows roughly in
proportion with A, as has been seen to be the case for the fragmentation regions in the
fixed target experiments, and taking the energy dependence shown in Fig. II-9, the above
relation gives values of 5-10 GeV/frn for the energy density in the central region
achieved with colliding beams of the heaviest nuclei, with 100 GeV/u in each beam.

If the heaviest nuclei are brought into collision at energies high enough to develop a
baryon-free central rapidity region, we may be confident of achieving the initial condi-
tions required for a phase transition. Of equal importance is the manner in which the
system evolves after the collision. With such large values of energy density and the large
extent of nuclei (compared to the size of a single hadron) it is plausible to expect the
system to thermalize and expand in a manner described by hydrodynamic equations.
These questions have been the subject of a great deal of theoretical scrutiny, with general
agreement that the expected environment is indeed one in which the formation and

26 27 28

observation of quark-gluon plasma is extremely likely. ' '
The top energy for the RHIC collider, 100 + 100 GeV/u with beams of gold nuclei,

was chosen to ensure that these conditions can be achieved with a baryon-free central
region extending over at least two units of rapidity.

Figure 11-10 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 nucleon-
nucleon interactions at the top RHIC energies.

J. D. Bjorken, Phys. Rev. D27, 140 (1983).
\ T. Matsui, Ref. 6, 27.
27V. Ruuskanen, Ref. 8, 219.

K. Kajantie and L. McLerran, Ann. Rev. Nuc. Part. Phys. 37, 293 (1987).
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Fig. 11-10. The kinematic landscape available to the RHIC facility and some existing
machines. The outer "vee" is the phase space limit-the rapidity 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)
fragmentation 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 Synchrophasotron) and
the planned lead beams in the CERN SPS.
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11.4. Experiments and Detectors

An experimental program to explore all of the facets of this new physics will
involve a systematic study of many reaction properties, and will require detectors
sensitive to many different forms of radiation whose properties 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 transition and for
probing new forms of matter. These are summarized in Table II-1. They include: global
characteristics of events, such as fluctuations in rapidity density; new, exotic, or as yet
unseen particle states; completely new forms of measurement, such as particle interfer-
ometry, which become possible because of the high multiplicity and the large spatial
extent of the interesting events. Perhaps the most important probes are those forms of
radiation 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 momentum quarks
and gluons which are ultimately observed as jets.

The fixed target experiments at BNL and CERN, in addition to having borne out the
early expeditions for large, thermal energy deposition in violent nuclear collisions, have
already brought to light several indications that, indeed, when these extreme conditions
are reached there are new physical phenomena to be explored. Among the more striking
examples are the observed large K+/rc+ ratio in the spectra of particles produced at high
baryon density at the AGS, and the observation in a CERN experiment ° that in nuclear
collisions of the highest £ T values the yield of J/y resonance seen in the dimuon
spectrum is reduced (relative to the Drell-Yan continuum) by about 40%. Prior to this
measurement it had been predicted31 that this suppression of the J/y signal could be a
signature of the formation of a quark-gluon plasma.

In addition, the fixed target experiments have demonstrated the viability and the
analytic power of the technique of pion interferometry. This short-range correlation
between pairs of identical particles, really a second-order interference phenomenon, is
known as the Hanbury-Brown/Twiss (HBT) effect,32 and has been known for some time
as a potential means of measuring the space-time dimensions of a source emitting
pions. Attempts at such measurements in high energy hadron collisions have met with
limited success because a precision result requires a very large number of particle pairs
which are close together in four-momentum space. Typical analyses have required the

ZyE802 collaboration, Ref. 8, 135.
NA38 collaboration, Ref. 8, 117.

32T. Matsui and H. Satz, Phys. Lett. 178B, 416 (1986).
R. Hanbury-Brown and R. G. Twiss, Nature 178, 1046 (1956); G. Goldhaber et. al., Phys. Rev. 120,
300 (1960).
W. Zajc et al., Ref. 4, 121.
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Table II.l. Experimental Probes for New States of Matter

SIGNAL

Inclusive Particle
Spectra
Particle Interferome-
try

Multi-Particle Corre-
lations in Rapidity;
Energy Flow

J/i|f,<j/' T,T" Suppres-
sion in Dilepton Spec-
tra

Particle Flavor Ratios

Stable Multiquark
States

Direct Photon Produc-
tion (mr = pT)

Lepton Pair Produc-
tion (Virtual Photon:

^ T = mPair + PT>

High-pr Jets

COMMENTS

Indicators of Temperature, Size and Den-
sity

Long Range Correlations and Macroscopic
Fluctuations Characteristic of First-Order
Phase Transition

Color Screening Effects in Deconfined
Plasma Suppress Heavy Quark Reso-
nances

Chemical Equilibrium in Hot Plasma
Gives a Large Number of Strange Particles
and Enhanced A/p Ratio

6-Quark and Higher Configurations Read-
ily Assembled in the Plasma

mT < 50 MeV: coherent Emission from
Local Charge Fluctuations

50 < mr < 500 MeV: Hadronic Decays;
Some Coherent Effects
500 < mT < 3 GeV: Direct Emission from
Plasma

mT > 3 GeV: Approach to Equilibrium;
Structure Functions of Quarks and Gluons
Change and are Computable in Perturba-
tive QCD

Measures Propagation of Quarks and
Gluons Through Nuclear Matter;
Hadronization Properties Reflect the "Real
Sea" of Quark-Gluon Plasma

Global Event Parame-
ters

Indicators of A Phase
Transition

Penetrating Probes:
Direct Information
From the Plasma
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pooling of many thousands of events. However, the number of pairs increases as the
square of the particle multiplicity, and it has been possible with a streamer chamber
measurement of heavy ion collisions at the SPS to obtain detailed results with a sample
of approximately 100 events.34 In central collisions at RHIC, with many thousands of
particles emitted per collision, such measurements should be possible on an event-by-
event basis.35"36

Much of the experience gained in the fixed target experiments at Brookhaven and
CERN is applicable in the design of experiments for RHIC, although the vastly different
geometry and total energy of the collider environment make for unique problems. The
required detector technology for tracking, particle identification and fast trigger deci-
sions has a great deal in common with that of existing hadron colliders for high energy
physics, but there are important differences. The most striking is the extraordinary large
particle multiplicities which experiments must deal with in nucleus-nucleus collisions.
Figure 11-11 shows the density of charged particles at a distance of one meter from the
collision point, as calculated by HIJET, a Monte Carlo event generator which repro-
duces the main features of the fixed target data, and is used here to extrapolate to the
case of Au beams at the top RHIC energy colliding with zero impact parameter.38 The
total number of final-state particles in this case is about 8000.

The design of instrumentation for experiments at RHIC is guided mainly by a range
of questions which have come from the theoretical investigations surveyed earlier in this
chapter. Undoubtedly new questions will arise in the near future, guided now not only by
theory but by experiment as well.

Some detailed conceptual designs for experiments which could comprise a first-
round research program for RHIC have been developed and evaluated in a series of
recent workshops.5'7'39 These detector systems, each emphasizing a different mix of
measurement techniques, have been studied in some detail in order to understand the
requirements imposed by physics, collider parameters, and detector technology.

" NA35 collaboration, Phys. Lett. 203, 320 (1988).
"W. Willis, Ref. 3, 425.

W. Zajc, "Bose-Einstein Measurements at RHIC in Light of New Data", to appear in Proc. 1988 BNL
Summer Workshop on Detector Techniques, Ref. 39, 97.
T. Ludlam et al., Ref. 5, 373.

J B. Shivakumar et al., "Summary of the Working Group on Detector Simulation", Ref. 39, 135.
B. Shivakumar and P. Vincent (eds.). Proc. Third Workshop on Experiments and Detectors for a
Relativistic Heavy Ion Collider (RHIC), (BNL report 52185, 1988).
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HIJET CENTRAL EVENTS

ALL CHARGED PARTICLES
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ANGLE®
Fig. 11-11. Fluxes of charged particles per square centimeter at 1 meter from an interaction

plotted as functions of angle, as predicted by HIJET for central Au + Au collisions
at energies of 100 + 100 GeV/u. (Ref. 37)

35



The basis for one such study4 is illustrated in Fig. 11-12. This is a full solid angle
(47t) calorimeter system explicitly designed for the environment and the physics program
foreseen for RHIC. The device consists of a relatively thin, well-segmented spherical
shell of calorimeter modules. The choice of an open geometry magnet, Helmholz coils on
conical pole tips, allows the principle of 4K calorimetry to be adapted to specific
requirements. Thus, the large angle calorimetry could be constructed in modular fashion
so that small windows in pseudorapidity (r| = - £n tan 6/2) and azimuth (<{>) could be
opened up to accommodate specialized spectrometer arms. The specifications of the
central calorimeters in this design are listed in Table II-2.

HELMHOLTZ OPEN AXIAL DETECTOR FOR RHIC

Fig. 11-12. Side and end views of 4K calorimeter design with open axial field magnet. The
shaded elements are forward calorimeter modules. (Ref. 40).

M . A l b r o w e i a l . . R e t . 7 . 2 1 .
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Table II-2. Central Calorimeter Specifications

Depth -4 Xim (-80 cm if 15% vol. of scint.)
Depth segmentation 5XO, 12XQ, ~2A.im, ~2Xint

Tower size A<j> = 0.1, AT| = 0.1 for \r\\<\; 1280 towers
Number of channels (4 depths = 5120)
Weight 300 kg per tower, total -360 tons
Resolution expected aE/E - 15%/A/£ (electrons), 45%/-̂ E (hadrons)
If scintillating fibre readout, - 2 x 1 0 fibers, length -1 m
If "TMP", sampling -6 mm Pb + 2.5 mm TMP, then 14,000 liter TMP
Total volume 40-50 m3

Note that each element, or "tower" of the calorimeter is read out in four separate
depth segments. The thickness of each layer in depth is measured in radiation lengths
(XQ) and hadronic interaction lengths (^nl)- These depth subdivisions allow crude
separation of electromagnetic (y, K°, TJ) and hadronic (nr, K, p, n) energy flow. The
combination of such a calorimeter with multiplicity detectors covering its inner surface
allows the measurement of quantities like the mean ET per particle ("temperature") - or
rather - the distribution of these quantities in (rj, <j>) space - on an event-by-event basis.
The specified tower size is appropriate for such measurements, and also for the measure-
ment of hadronic jets at RHIC energies. This design reflects the general feeling that it is
not necessary to press for the ultimate achievable hadronic energy resolution, GE/E. This
follows from the fact that the total energy, E, is very large and rather uniformly
distributed over many particles, so shower statistics will be very good.

Figure 11-13 illustrates a limited solid angle spectrometer41 which might be consid-
ered in conjunction with the 4rc calorimeter; i.e., by opening up a window in the central
calorimeter shell. Such a spectrometer would sample the radiated energy with instrumen-
tation to track and identify individual charged particles. This device, looking at particles
emitted at near 90° to the beam direction, would utilize a magnetic field which is well
localized radially in order to keep field-free regions near the beam as well is in the space
occupied by ring imaging Cherenkov (RICH) counters. The two-coil Helmholtz magnet
shown in Fig. 11-12 is intended to provide such a field. For a typical central collision at
RHIC this device would see -300 charged particles. It should be able to separate pions,
kaons and protons up to momenta of -3 GeV/c, while measuring momenta and angles
well enough to allow HBT correlation measurements. Because of the high density of
particles (see Fig. II-11), each detector layer in such a spectrometer must have approxi-
mately 104 readout elements.

4 1 S . Nagamiya ct al.. Rcf. 7, 120.
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Fig. 11-13. A limited solid angle spectrometer for particle production in the central region at
RHIC. (Ref. 41).
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A question often raised in the discussion of experiments and detectors at RHIC is
the feasibility of carrying out a measurement of track trajectories and particle identifica-
tion over very large solid angles, reconstructing the tracks of thousands of particles per
event. Groups which have considered this problem42'43 have concluded that the only
practical detector for such an undertaking would be some form of a time projection
chamber (TPC). Such devices can provide fine-grain three-dimensional readout over
large volumes with a minimum of detector mass and a particularly efficient means of
deploying the read-out electronics. But the corresponding long electron drift distances
intrinsic to these detectors are not a priori well matched to the RHIC environment.
Detailed studies are underway to determine, for example, whether such detectors can be
effective at the event rates of nuclear collisions at RHIC luminosities, and whether the
resolving power (limited by electron diffusion) is adequate to meet the requirements of

in

HBT interferometry.
Among the most important measurements to be made at RHIC are those of lepton

pairs: the carriers of information radiated electromagnetically from the interior of a
volume of dense hadronic matter, such as a quark-gluon plasma. These are also among
the most difficult measurements, owing to the fact that the pair masses and transverse
momenta of interest are not so large as to be easily separated from the enormous
background due to the decays of pions. At the RHIC workshops to date, two complemen-
tary scenarios have been worked out for the study of lepton pairs - one involving
electrons and the other muons.

For the case of electron pair measurement, extensive Monte Carlo ' calculations
have been earned out to study the effects of background electrons resulting from Dalitz
decays of pions, and conversion of photons which in turn are decay products of neutral
pions. For final states in which there are thousand of pions, there will be many such
electrons. They provide an unavoidable combinatorial pair background to the continuum
spectrum of true, prompt electron pairs. This background can be minimized by applying
kinematic and geometric cuts to remove electrons from such uninteresting low-mass
pairs. Figure 11-14 shows the known signals scaled to gold-gold collisions, and the
calculated background after such cuts have been made. For signals which produce
electron pairs with mass less than 1 GeV, the situation is extremely difficult. To achieve
even this level of rejection would require a detector with perfect efficiency for detecting
electrons and rejecting hadrons, and zero mass (so that no photons are converted in the
detector).

4~H. Gutbrod et al.. Ref. 7, 134.
S. J. Lindenbaum et al., Rei. 7, 146.
P. Glaessel, Ref. 8, 453.

4 P. Glaessel and H. Specht, Ref. 7, 107.
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45
Figure 11-15 shows a possible scheme for making such a measurement. Such a

setup could be accommodated within the inner volume of the 4rc calorimeter system
shown in Fig. 11-12. This electron spectrometer is based on a principle of hadron-blind
tracking, using two "massless" RHIC detectors. The ring imaging detectors cover a full
2K radians in azimuth. The spherical mirrors project Cherenkov rings onto UV-detectors
which are out of the path of the electrons of interest. Readout of these detectors would
require at least 105 pads, possibly in a low-pressure gas detector. The lengths of the two
Cherenkov radiators shown in Fig. 11-15 are 20 cm and 60 cm. Together with appropriate
UV-transparent windows, these should be sufficient to assure some 10 photo electrons
per ring with heavy freon gases as radiators. The realization of such a detector will
require a greai deal of development of ring imaging and readout technologies.

Au + Au central collisions Vi"=200 GeV

10°

10"

I 1CT3

jj 10"4

S? IO-' -
to

'I I0"6 -

10-7 -

10'8

anomalous

pairs

randoms after low-mass

pair rejection

(dnc/dy*l000, Ay=U

3/4*

Drell-Yan

, , . . l i , . , , I

0.! 10

Pair mass mee (GeV/c2)

Fig. 11-14. Electron pair mass spectrum estimated for Au + Au central collisions at RHIC. The
dotted curve shows the combinatorial background after removing "trivial" low
mass pairs. (Ref. 45)
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In another approach to studying the dilepton spectrum a very detailed study has
evolved46'47 for a muon pair spectrometer whose performance has been carefully opti-
mized for the range of physics measurements, the event rates and the backgrounds
expected for a RHIC experiment. The scheme of the detector is illustrated in Fig. 11-16.
In essence it consists of an instrumented hadron absorber (calorimeter) surrounding the
interaction region followed by a muon tracking system in a magnetic field, and a final
muon filter of iron absorber and tracking detectors. The detector is designed to study the
muon pair spectrum over a wide range of pair mass and pT, with particular attention to
the mass region around the J/\|/ and i|/\ An important criterion for the design of this
experiment is rapid absorption of the large number of pions and kaons, whose decay
would otherwise yield a disastrous background of muons. This absorber is also an active
calorimeter whose function is also to measure the energy distribution. A small volume
inside the absorber, close to the interaction region, is devoted to measurement of charged
panicle multiplicity and the precise position of the interaction vertex. Behind the
absorber, muons are tracked in a solenoidal magnetic field in the central region, and in

' / / s / /
Double
Helmtoltz Coil

Calorimeter

-iOO -80 -60 -40 R " -20

Fig. 11-15. A possible arrangement for an electron spectrometer for RHIC centered at y c m = 0
with an acceptance of At) = 0.5, rotationally symmetric around the beam axis. (Ref.
45)

47
'S. Aronson el al . , Ref. 5, 171.

S. Aronson el al . . Ref. 7, 47 .
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Fig. 11-16. Conceptual design of a dimuon spectrometer for RHIC. (Ref. 47)
(a; Elevation view of one quarter of the detector.
ib) "Beam's-eye" view of one quarter of the detector.
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Table II-3. Estimated Dimuon Signals
Events Produced per "Experiment Year" (10 sec)

Rapidity Interval -2.5 <y<2.5

6x10
3xlO7

4xlO7

lxlO7

3xlO6

lxlO6

4xlO5

6x105

2x105

4xlO4

ixlO5

lxlO5

8xlO4

2xlO4

6xlO3

6xlO5

2xlO5

2xlO5

5xlO4

lxlO4

Drell-Yan
Beam J/\|/ V T M = 3-4 GeV

12C
32S
63Cu
1271
197 A

Au

the field of air-core toroids in the forward direction (T| > 1?)- The apparatus covers a
wide range of rapidity, to maximize the acceptance and the statistical sample, especially
for the resonance states J/\j/ and T. The success of such a detector depends sensitively on
a very careful optimization of the calorimeter design to minimize the number of fake
muons due to hadron punch-through, without giving up too much in the way of
acceptance and momentum resolution for the real muons. Table II-3 gives estimated
dimuon signals for the J/\j/ and higher-mass resonances, as well as the Drell-Yan
continuum background in the central rapidity region.

For all of these detectors, a general measurement strategy would be to employ
selective triggers to choose interactions indicative of a favorable thermodynamic envi-
ronment (small impact parameter, high multiplicity, large ET, etc.), with a second level
of trigger to select specific signatures or bring to bear the special sensitivity of particular
detectors.

Since the time between bunches at RHIC (<200 nsec) will be short compared to
typical detector integration times, it will be necessary to define a collision-free window
of about 1 |4.sec. The most rudimentary element of the trigger is the definition of these
collisions. For this rather loose definition of interactions two types of detectors have
been proposed: a scintillator hodoscope surrounding the beam pipe on either side of the
experiment, or a set of small calorimeters close to the beam pipe to detect fragments of
the initial projectile nuclei produced at near-zero angle in the collision. Some combina-
tion of these signals would be used to define an interaction, at rates up to -106 Hz.

A pre-trigger for the experiment, activating all of the data collection electronics,
would be formed from the above interaction signal in combination with another require-
ment such as global ET measured in the experiment. For the remainder of the triggering
system a likely scheme would be to use on-line processors to form two or more decision
levels. For example, a first-level trigger which would operate on the time scale of 1-2
(xsec, and a second-level trigger requiring perhaps 100-200 jisec. Each level should
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Table II-4. Event rates, trigger rates and recorded event size for various HEP detectors
compared to a RHIC calorimeter with slit spectrometer.
(The RHIC case is estimated for gold beams at top energy)

Detector

UA-1
MARK II
DO
CDF
SLD

RHIC
CALO/SLIT

Pre-trigger
Rate
(Hz)

1.5xlO5

2xlO2

5x104

5xlO4

2xlO2

104 - 105

Level-1
Trigger
(Hz)

100

2-400
5000

Level-2
Trigger
(Hz)

20

100

Level-3
Trigger
(Hz)

5
2
1-2
1-10
1-2

~5

Event
Size
(kbyte)

120
40
200
-100
100

-100

reduce the triggering rate by about a factor of 100, to bring the final rate to about 10 Hz.
The highest level trigger could well involve substantial on-line reconstruction of event
characteristics, such as muon track candidates in the case of the dimuon spectrometer.

A large detector system for RHIC will require a data acquisition system with
performance similar to that of major detectors presently used at high energy hadron and
electron colliders. Table II-3 shows a comparison of event rates and recorded event
size for some existing detectors and expected requirements for a 4TI calorimeter
detector at RHIC with a small aperture "slit" spectrometer.

In designing experiments for a colliding beams facility the size of the interaction
diamond is an important practical matter: the source from which detected secondary
panicles radiate is not a point, but a line of some length. For head-on collisions of
bunched beams the rms length, aD, is kept small. In the early discussions of RHIC
parameters the general guideline was to keep the value of o D less than 30 cm, if at all
possible. In the May, 1986 Conceptual Design Report this goal was met, for head-on
collisions of gold beams, only at time t=0 after injection. Thereafter the bunch length
grows due to intrabeam scattering, with <JD approaching 1 meter after 10 hours of storage
time. The proposed scenario allowed smaller diamond lengths to be achieved with non-
zero crossing angle, with a corresponding decrease in luminosity. Since that time the
RHIC detector workshops have provided a more specific and quantitative assessment of
the need for a small interaction diamond. The dilepton measurements described above
are important examples. In the case of the dimuon experiment, a favorable signal-to-
background ratio depends crucially on keeping the pion path length as short as possible.
Studies have shown that distances from the interaction point to the hadron absorber must

48J. Sunier, Ref. 7, 243.
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be significantly less than one meter. For the electron pair spectrometer, the method
described above uses two successive ring imaging Cherenkov counters to identify the
electrons. No other method has been shown to be adequate. This technique uses the
interaction as the source of an optical system (see Fig. 11-15), and aberrations force the
scale of the system to be set by the source size. For this experiment, already extremely
difficult, the useful source length probably should not exceed ± 20 cm. If the diamond is
longer, the interactions in the good source volume must be selected electronically, and
the remainder treated as background. As a result of studies like these, the design of the rf
system for RHIC has been revised to provide shorter beam bunches and ensure a useable
diamond length over the full beam lifetime.

For the discussion here, the focus has been primarily on measurements to be made
with the collider operating at top energy with the heaviest available ions: Au + Au at 100
GeV/u. It has been pointed out that a fundamental principle of the design of the machine
has been flexibility. RHIC is capable of accelerating, storing and colliding the full
spectrum of ion species (including protons) over a wide range of energies, as illustrated
in Fig. 1-4. The design also allows for asymmetric operation, with different ion species in
the two rings: e.g. Au in one ring colliding with protons in the other. In planning for
future upgrades it has been assumed that increases in luminosity will be most important
as the research program matures. Thus (see sec. IV.3.viii) components of the machine
have been designed so that in future years, as funds and operating experience dictate, it
will be possible, by increasing the currents of stored beams and the degree of focussing
in the crossing regions, to increase the luminosity to values >10 cm"2 sec"1 for gold
beams and ~ 2xlO32 cm"2 sec"1 for proton beams.

^fi 1 1

At the very highest energies, and at luminosities for heavy ions = 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 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" aadronic
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

49

pair which is not seen in pp collisions.
To do these experiments we must detect jets. Unlike most of the possible 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 trig-
gers on local transverse energy deposition. The backgrounds are high; however, we
expect -800 charged and neutral particles per unit rapidity near v = 0, each carrying -0.4
49

J. D. Bjorken, Fermilab Pub. 82/59/59-THY (1982); J. Appel, Phys. Rev. D33, 717 (1986).
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GeV of transverse energy. Jets will have to be observed above a soft background
corresponding to - 320 GeV of transverse 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 pT

of an observable jet:

"n- > ? * i " 40 GaV '
To estimate the rate for observing jets we take the cross section for pp collisions and
assume this scales as A (summing over all collisions, central and non-central). The
result50 for beams of mass A = 200 are shown in Fig. 11-17 as a function of the collision

iyj ry |

energy, for three different pT thresholds, with a luminosity of 10 cm" sec" . It will be
seen that the requirement of pr > 40 GeV/c is met for collision energies -{siA = 150 GeV/
u, and the yields increase very rapidly at higher energies. At ys/A = 200 GeV/u, the
RHIC design energy, we expect substantial yields of observable jets up to transverse
momenta of - 60 GeV/c.

RHIC

PT > 20 GeV/c

PT> 40 GeV/c

PT > 60 GeV/c

100 150 200

>/S/A (GeV/amu)

250

Fig. 11-17. The estimated rates for observing jets at large transverse momentum, as a function
of the collision energy. The calculation (Ref. 50) is for gold ions a luminosity L =
10" cm sec . The curves for three different threshold values of pT are shown.

T. Ludlam, L. Madansky, F. Paige Ref. 4, 115.
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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/u. 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 that internal targets can be accommodated.
These targets must provide sufficient luminosity 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 1O~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 material located just below the beam axis. A
pellet of diameter 10[j. 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 possibility to vary the target material almost at will. For example, a lOp.
diameter sphere of gold in a 100 GeV/u 197Au beam at RHIC, with (3* = 100 m, would
give a luminosity of 4.2xlO~9 cm"' sec"1, and would have a 1/e-time of 2.3xlO4 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.

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 above 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 COMPLEX

11 I.I. Overview

The existing accelerator complex at Brookhaven consisting of the Tandem Van de
Graaff, the Heavy Ion Transfer line, the Alternating Gradient Synchrotron and the
Booster Synchrotron, presently under construction, will serve as the injector of heavy
ions for RHIC. Operation of the AGS for heavy ion experiments started in October 1986
with the delivery of O8+ beams. Subsequently, the mass range was extended with the
AGS delivering typically 2xlO8 Si l4+ ions/pulse at the kinetic energy of 13.8 GeV/u.
Completion of the AGS Booster Synchrotron in 1991 will extend the mass range to the
heaviest ions, typically Au, with U a definite possibility. In this chapter, the multi-
component injection mode of the collider will be discussed with special emphasis on the
expected panicle intensities and phase space density per bunch within RHIC.

The discussion in this chapter will be focused on heavy ion injection into RHIC.
The present AGS with direct injection from the existing 200 MeV linac is capable of
delivering the required intensity of 1011 protons/bunch with a normalized emittance of 20
n mm-mrad and a phase space area of 0.3 eV-sec. The addition of the Booster is expected
to have little impact on the proton performance of RHIC.

For heavy ion injection, the rigidity values of the collider at injection (Bp = 96.7
Tm), and the desired beam lifetime of 10 h within RHIC, demand that fully stripped ions
be injected at kinetic energies in excess of 10 GeV/u. In order to achieve these
requirements at injection, the heavy ions are accelerated via a combination of Tandem
Van de Graaff, Booster and the AGS, as shown in Fig. IH-1.

The atomic electrons are stripped by passing the ions through foils ST, SB and SA at
various stages of acceleration. The location of these foils is shown in Fig. III-2. After
passage through the foils, a broad distribution of charge states results. Normally only the
most probable charge state is accelerated at the next stage. The values of the most
probable charge states, and the foil efficiencies for these charge states are known
experimentally for a large range of heavy ion energies.

The design specifications of RHIC call for 10 particles per bunch of fully stripped
197

Au ions. In order to achieve this value, several limiting characteristics of the injection
components must be respected.1 These include the vacuum of the AGS (10" Torr at
present, 10" Torr after upgrade program), which prohibits the acceleration of heavy ions
with many atomic electrons, the lowest achievable frequency (-200 kHz) of the Booster
cavities, the mulmurn injection scheme for heavy ions into the Booster, the stripping foil
efficiencies, and the current technological limitations of heavy ion sources at the

M.J. Rhoades-Brown and A.G. Ruggiero, "Source Current into the AGS. An analysis of the RHIC front
end injection." RHIC Technical Note 32 (1988).
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Tandem. Respecting these constraints, it is possible to achieve 10 particles per bunch
for l97Au. However, the wide variation of atomic structure across the periodic table
prevents a simple uniform injection scheme for all heavy ion species and requires
different optimization procedures as discussed below.

HEAVY ION '_
BYPASS LINE(HTB)

HEAVY ION
TRANSFER LINE (HITL)

_._XJ

Fig. III-l. RHIC Injector Complex
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Fig. III-2. Location of Stripping Foils.
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III.2. The Tandem Van de Graaff

The acceleration of heavy ion beams will be started using one of two existing
Tandem Van de Graaff accelerators. Following a successful upgrade, one of these
machines operates reliably at a terminal voltage of about 15 MV. Upgrading the second
Tandem Van de Graaff as an alternate injector, and constructing a new beam line to the
existing beam transfer line would provide an additional degree of operational reliability.
This is especially desirable in view of the relatively long turnaround and conditioning
times associated with accelerator repairs. Simultaneous operation of both Tandems is
required for the collision of unequal species.

In Fig. III-3 the arrangement of the two model MP Tandems is shown together with
the existing and proposed alternate beam transfer lines. The construction of a transfer
line from the Tandem to the AGS, located in a 1800 ft long tunnel, was completed in
1986. Since October 1986 heavy ions such as O and Si have been transferred from
the Tandem to the AGS for a successful fixed target program. Also shown in Fig. III-l is
the extended heavy ion transfer line which will enable heavy ions to be injected into the
Booster. In order to accommodate the wide variety of heavy ion charge states, including
the possibility of accelerating Uranium, this transfer line is being built with magnets of
rigidity 2.2 T m. Two small magnets in the original transfer line from the Tandem to the
AGS also need to be upgraded to this value.

ALTERNATE INJECTOR;?

BEAM TRANSFER LINE

ANALYZING AND
CHARGE SELECTING MAGNETS-

MP7

E

(S

•—NEGATIVE I0N-
SOURCE

HIGH VOLTAGE
TERMINAL (15 MV)

STRIPPING
FOILS

Fig. III-3. Arrangement of the two model MP Tandem Van de Graaff accelerators, showing
alternative heavy ion beams entering transfer line to the AGS and Booster.

50



A Tandem Van de Graaff accelerator is an attractive choice for starting the injection
of heavy ions into a synchrotron. The ion source is conveniently located close to ground
potential, and a wide variety of negative ions are available. Other important advantages
are related to the excellent beam quality and stability. The transverse emittance at the
exit of the accelerator is around 1 K mmmrad and the kinetic energy stability is 10 .

Of particular importance to the RHIC operation is the available ion-source output
current prior to stripping and acceleration in the Tandem. A pulsed mode of operating the
source has been developed at Brookhaven, showing that ten 300 p.sec long pulses per
second could be injected at maximum intensity without any adverse effects on the
performance or stability of the accelerator. As long as the average intensities are low, the
interelectrode and terminal-to-ground capacities are large enough to maintain nearly
constant voltages during the short beam bursts, irrespective of charging or voltage
distribution systems.

The traditional limitations on heavy ion beam intensities injected into Tandems have
been largely removed over the last few years through new types of sputter sources. Up to

1 Q"7 "2.

240 fiA of usable Au are now reliably available at the Tandem source. More recently,
a new experimental source has been investigated at Brookhaven,3 for which currents of
up to 10 mA of Au have been claimed elsewhere. It remains to be seen how much of
this current is available for injection into the small Tandem aperture. Research and
development along these lines will continue at Brookhaven.

Table III-l shows the Tandem operation parameters for a high voltage terminal
potential of 15 MV. 5T and QT are the stripping efficiency and most probable charge
state after the negative ions have been accelerated to the high voltage terminal and
stripped in the thin carbon foil inside the Tandem. The ions leave the accelerator with an
energy (l+gT)xl5 MV. For Table III-l, a source current of 200 uA and a pulse length of
110 |i.s was assumed. The transmission efficiency for the Tandem was taken to be 75%.

Uranium is shown as a viable species because of recent calculations showing that it
is possible to accelerate 238U in a charge 90+ state within the AGS.4 In the future, this
nucleus will be of great interest for both fixed target (AGS) and RHIC operation because
of the enormous electric fields generated in nuclear collisions. It is noted however, that
at the present time an adequate source for Uranium does not exist at Brookhaven. Further
research and development of a U source will be needed to achieve this goal.
Accelerating Uranium is to be considered as a future upgrade for both the AGS program
and RHIC.

3P. Thieberger, M. McKeown and H.E. Wegner, IEEE NS-30, 2746 (1983).
G.D. Alton, et al., to be published in Nuclear Instrum. and Meth.
M.J. Rhoades-Brown and H. Gould, "Accelerating Uranium in RHIC-11 Surviving the AGS Vacuum.
RHIC Technical Note 38 (1988).
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Table III-1. Tandem Operation Parameters

Deuterium
Oxygen
Silicon
Copper
Iodine
Goldf

Uranium5

GT

+1

+6

+9

+11

+13

+14

+35

sT

70%

39%
30%

27%

20%
12%

3.4%

Kin. Energy
MeV/u

15.0
6.56
5.36
2.86
1.65
1.07
0.882

P
0.177
0.118
0.107
0.078
0.059
0.048
0.043

Ions/Pulse*

7.2X1010

4.OX1O10

3.1X1010

2.8X1010

2.1X1010

1.2X1010

3.6X109

*
75% transmission efficiency, 200 uA source current, 110 us pulse length.

* Equilibrium Charge State 13+.
Requires Source Development and additional stripping foil at Tandem exit.

With the exception of the case of Uranium, there will be no stripping foil at the
output of the Tandem, because the Booster can accelerate partially stripped ions and it is
more efficient to strip them at higher energies after the Booster. In order to accommodate
Uranium in the Booster and AGS, however, a stripping foil will be needed between the
Tandem and Booster. This foil will produce Uranium in an equilibrium charge state of
35+, and will deplete the number of ions per Tandem pulse to 3.6xlO9 (stripping foil
efficiency = 17%).
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III.3. The Booster

Construction of the Booster has been under way since October 1985. This
synchrotron will be commissioned in January 1991 for proton operation, and in the
summer of 1991 for heavy ions. 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 5p = 17.52 Tm at a 1
Hz repetition rate. The major parameters of the Booster are listed in Table III-2.5 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-l.

The Booster wiii allow extension of the heavy ion mass range beyond silicon. This
is because the extra kinetic energy provided by the Booster will enable additional atomic
electrons to be stripped when passing through foil SB (see Fig. III-2) situated between
Booster and AGS. Hence, nuclei heavier than Si will survive acceleration in the AGS
vacuum, and not be lost to electron capture or stripping reactions.

The Booster lattice is a six superperiod machine with four FODO cells in each
superperiod. Within the superperiod, there are two missing dipoles at the third and sixth
half-cell locations. The amplitude and dispersion functions of the lattice are given in
Table III-2. The betatron acceptance of the Booster is assumed to be 50 n mm-mrad in
both planes. It could be larger in the horizontal plane, but the extra amount is not useful
because of possible linear and non-linear coupling between horizontal and vertical
betatron oscillations.

The Booster vacuum of 10"10 Torr seems adequate for the survival of essentially all
the heavy ion beam during the acceleration cycle. The beam losses would be about 2%
for the heaviest ions, ind less than 1% for A < 100.

The protons are stacked into the Booster using H" injection, as is presently done on
the AGS. For heavy ions, the stacking procedure into the Booster is more complicated.
The beam is injected horizontally into the Booster, and stacked in betatron phase space
by filling the machine circumference with the Tandem pulse for some number of
consecutive turns. During this stage the Booster rf is turned on (1.7 kV), and the
synchronous phase is zero. The efficiency of the stacking is critical in achieving the
desired luminosity within RHIC.1 Experimental experience tells us that an eight turn
injection can be readily achieved with a very high degree of efficiency.

In the last two years there has been a comprehensive theoretical study of the
injection efficiency into the Booster. ' This work strongly suggests that up to twenty

Booster Design Manual (October 1988).
J. Wei and S.Y. Lee, "Simulation of the Muliiturn Heavy Ion Injection on the Booster." Booster
Technical Note 102.
J. Wei, S.Y. Lee and A.G. Ruggiero, "R.F. Capture on the AGS Booster." Booster Technical Note 115.
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Table III-2. Booster Parameter List

[ 4+

14+
Injection energy, Au
Ejection energy, Au
Bp
Circumference
Magnetic bend radius
Lattice type
No. of superperiods
Mo. of cells
Betatron tune, vx, v

Betatron acceptance
Number of magnets
Dipole tieid, max.
Dipole length, magnetic
Quad length, magnetic
Vacuum chamber, dimensions

Peak rf voltage, h=3
rf frequency, h=3
Acceleration time
Vacuum

1 MeV/u
72 MeV/u
17.52 Tm
201.78 m (1/4 AGS)
13.751 m
separated function, FODO
6
24
4.82, 4.83
13.87 m, 13.64 m
2.95 m
4.88
50JI mm-mrad
36 dipoles, 48 quads
1.274 T
2.4 m
0.50375 m
70x165 mm, dipoles
152 mm (circular), quads
17 kV
0.213 - 3.061 MHz
-650 ms, max.
3x10"'l torr (N2 equivalent)

turns may be realized, with an 80% stacking efficiency. Figure III-4 shows the injection
loss in the horizontal direction as a function of the total number of turns during injection.
It can be seen that after 18-20 turns relatively little is gained in injecting such a long
pulse from the Tandem. However, it seems clear that more than eight turns can be
injected into the betatron acceptance.

The beam is captured at injection by an rf system of harmonic number h=3 for
heavy ions such as Au. After injection is completed, the rf voltage is adiabatically
increased to produce a bucket area of -0.07 eVsec/u. Theoretical studies show that if the
rf bucket grows to full size in 10 msec (approximately 10 synchrotron oscillation
periods), 97% of the beam can be captured. ' Following capture, the bunched beam is
accelerated. The acceleration period is taken to be 0.6 sec and the overall repetition rate
0.8 Hz. The three particle bunches are ejected simultaneously (within one revolution)
from the Booster.

M.J. Rhoades-Brown, "An Alternative Injection Scheme for Heavy Ions into RHIC." RHIC Technical
Note 44 (1988).
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The maximum luminosity within RHIC for head-on collisions is proportional to
N^/eN, where Nh is the number of particles per bunch within RHIC and £N is the
normalized emittance. The invariant normalized emittance £N is related to the actual
emittance by £N = ((3y)£. To get a maximum luminosity within RHIC it is essential to
achieve both the largest number of particles per bunch and the largest density NB/£N of
particles in the Booster.

In Table III-3, the expected particle numbers per bunch in the Booster are shown
together with the Booster space charge limit, the rf frequency ranges, and the normalized
emittance. The same Tandem pulse length and source current as in Table III-l were used
here. In Table III-3, the particle numbers per bunch were calculated assuming an eight
turn injection of 100% efficiency. Comparing with theoretical stacking studies, this is
a conservative figure. The space charge limits were calculated assuming the formula

N
sc

max

4

3

f A.

where h is the harmonic number, BF is the ratio of average current to peak current
(bunching ratio), Av is the maximum allowable tune shift, A the mass number, Q the
charge state, ro = 1.535xlO~18 m the classical proton radius, and F a form factor that for

was taken to be unity.
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Fig. III-4. Beam-loss in multi-turn injection.
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Table III-3. Number of Heavy Ions per Bunch in the Booster

Species

Harmonic, h
/ r f @ injection
/ r f @ top energy
Top kinetic energy
Ions/bunch @ S.C. limit
Ions/bunch
Normalized eroittance
Stripping efficiency @ SB

Q after SB

Ions/bunch after SB

Norm, emittance after SB

d

1

262
1.40
1857
807
199
8.8

-
1
19.9
8.8

16o

2§

350
2.68
1249
38
8.32
6.0
100
8
8.32
6.1

28Si

2§

318
2.60
998
24
7.06
5.4
100
14
7.06
5.5

63Cu

2§

232
2.08
376
19
8.7
3.9
100
29
8.7
4.1

127j

3
264
2.23
144
11
5.64
3.0
40
53
2.26
3.6

197 .
Au

3
213
1.66
72
10
4.12
2.3
50
77
2.0
4.0

2 3 8 u

3
190
2.85
279
11.5
1.2*
2.2
50
90
0.6
2.3

Units

kHz
MHz
MeV/u
xlO9

xlO9

7t mm-mrad
%

xlO9

n mm-mrad

A Tandem Source Current of 200 uA and a Pulse Length of 110 us were assumed.
Requires source development.

"It is noted that for the medium-mass ions a modest upgrade in Tandem ion source current to 300 (xA
would permit operation with /i=3.

There is some uncertainty in the value to assign to BF and Av. A value of BP = 0.3
was used in Table III-3, together with Av = 0.3. Finally, e is the largest emittance of
the beam at injection. A "round" beam with the same emittance in the horizontal and
vertical direction is assumed. Assuming a gaussian distribution, e m a x represents the 95%
contour of the beam, and is equal to the vertical betatron acceptance of the Booster, i.e.
5O7T mm-mrad.

The normalized emittance after the stripping foil SB was calculated from a standard
multiple Coulomb scattering formalism.9 It was assumed that the normalized emittance,
calculated from the Booster acceptance, was constant during acceleration and ejection
from Booster.

It is noted that the final kinetic energy for 238U is larger than 127I or 197Au because
of the extra charge on the ion after passing through the stripping foil located between the
Tandem and Booster.

After extraction from the Booster, and on their way to the AGS, the ions pass
through a stripping target. Experimental knowledge10 indicates that for atomic number
< 63 the ions will be fully stripped with 100% efficiency. For 127I, the fully stripped state

G. Young, "Multiple Coulomb Scattering and Emittance Growth in Stripper Foils", RHIC-PG-36
, o 1 9 8 4 ) -

P. Thieberger H. Wegner, J. Alonso, H. Gould, C. Murger, R. Anholt, and W. Meyerhof, IEEE, Trans.
NS-32, 1767 (1985).
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197Au or 238U are stripped to a filled K-shell or two-electron atom. The stripping
efficiency for 238U in a charge 90+ state is also known experimentally,11 and peaks at
50% for a kinetic energy of 220 MeV/u. The stripping efficiency for 70 MeV/u 197Au to
a charge 77+ state was deduced from theoretical work on Pb for the CERN SPS
program. The result is considered reasonable, and will be known with more precision
after a planned experiment1 at Berkeley in the spring of 1989.

The stripping in foil SB is accomplished with a foil of copper that, for gold, is 35
mg/cm thick. If one does not allow more than 10% growth in the emittance of 50 K
mmrarad, the stripper foil must be installed in a location where the lattice beta function
does not exceed 2.6 m in both planes. This condition is accomplished using two pairs of
quadrupole doublets.

It is important to calculate both the energy loss and energy spread of the beam after
crossing foil SB. The energy loss is tabulated for various foil thicknesses, and is stated to
be 5 MeV/u for Au passing through a copper foil of thickness 35 mg/cm at 65.5
MeV/u. The half width of the energy spread for this foil is estimated to be 0.02 MeV/u,
where the magnitude of this estimate has been verified by extrapolating results obtained
at Tandem energies. Therefore an appreciable increase in the bunch area is not
expected when traversing foil SB.

In regard to future upgrades of luminosity within RHIC, a factor of 3 increase in the
number of ions per bunch is theoretically possible by running the Booster in an h=l
mode. For such an operation throughout the Booster heavy ion cycle, a low frequency if
cavity would have to operate at 69-215 kHz. Alternatively, a theoretical investigation15

has shown that it will be possible to combine adiabatically the three buckets within the
Booster to a single bucket, with only a few percent loss in particle numbers. This
procedure should be performed at top Booster energies, where the rf cavity frequency for
the h=l mode is 386 kHz for 160 and 500 kHz for 197Au.

i2R. Anholt, et al. Phy. Rev. A36, 1586 (1987).
H. Gould and B. Friedman, private communication.
P. Thieberger, H. Wegner, M.J. Rhoades-Brown and Berkeley/Stanford experimentalists.
Arrangements in progress at this time.

j gD. Eastman, Nuclear Instruments and Methods 125, 277 (1975).
J. Wei and J. Claus, private communication.
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III.4. The AGS

The major parameters of the AGS are given in Table III-4. Inside the AGS all heavy

ions with A < 127 will be fully stripped. Heavy ions such as Au and U will be

accelerated with 2 electrons in a filled K-shell.

Table III-4. AGS Parameters

Circumference 807.12 m
Periodicity 12
Betatron tunes, horizontal & vertical 8.7
Transition energy, yT 8.5
Betatron acceptance 45rc mm-mrad
rf frequency, Au 2.5-4.457 MHz
Harmonic number, h 12
Peak rf voltage 320 kV
Bunch length, p (0.3 eVsec) 3.54 m
Bunch length, Au (0.3 eVsec/u) 4.88 m
Magnetic rigidity, Bp at extraction 96.7 T-m
Ejection energy, p (y=30.9) 28.1 GeV
Ejection energy, Au (y=12.2) 10.4 GeV/u

*7 J2

The present vacuum inside the AGS is 10" Torr, with improvement to 10" Torr
expected in the very near future. For an AGS vacuum pressure of 10~7 Torr, the beam
losses of heavy ions with A < 100 will be less than 1%. This loss mechanism is mainly
due to electron capture from the residual gas ions (50% H2, 50% CO). For the heavier
ions with two electrons in a filled K-shell both electron knock-out and capture are
possible. To estimate the depletion of these ions during the AGS acceleration cycle, the
depletion rate X(t) was calculated from the formula,4

7l(t) = p(t) c £ ii; cig
i

where (5(t) is the velocity of the ions, ny is the density of gas ions in the AGS, and a i g is
the interaction cross section for the accelerating ion on an individual gas species. a i g is
the sum of the knock-out cross section c£• and the capture cross section o? . For the
knock-out cross section we assume the theory of Bethe, which has been tested for
Uranium by Gould et al.17 In this theory of is given by,4'16

H.E. Bethe, Ann. Phys. 5, 325 (1930).
H. Gould et al., Phys. Rev. Lett. 52, 180 (1984).
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where a is the fine structure constant, aQ the Bohr radius of the Hydrogen atom, Zx the
atomic number of the gas molecule, R^ the Rydberg constant, B the electron binding
energy, and / k an oscillator constant that takes the value 0.58 for U in a charge 90
state. The kinematic factors, P,y are given by the acceleration cycle. The capture cross
section (Radiative Electron Capture) into the n'th shell is given by "'

where me is the mass of the electron, and BQ is the binding energy in the n'th shell. a(£)
is the photoionization cross section, which is tabulated for various shells in a range of
nuclei, and £ is the photon energy given by £ = mec

2 (y-1) + Bn.
Figure III-5 shows the depletion of ions for a 0.6 sec acceleration cycle. The

depletion is defined by D{t) « exp(-Jp X(t')dt'), and two values of the AGS vacuum were
7 8

assumed (10" Torr and 10" Torr). It can be seen that the beam depletion is only a few
percent. It is again emphasized that accelerating Uranium is to be considered as a future
upgrade.
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After acceleration in the AGS, the bunches are transferred into RHIC. The present
AGS extraction system will deliver a single bunch train consisting of 11 proton bunches
or 3 heavy-ion bunches for injection into RHIC. This procedure will allow filling of the
RHIC rings in a minimum of time. Improvements to the extraction kicker will give the
option of traiisfering bunches one at a time. This transfer sequence is considered the
most flexible in accommodating future possible luminosity upgrades within RHIC. For
the heaviest ions, it is necessary to pass through the stripping foil SA, to remove the last
two electrons in the K-shell. The position of this foil is shown schematically in Fig. III-2.
At the top AGS energies (10.4 GeV for Au), a design beta function value of 50 m, and
a rms scattering angle of 0.046 mrad for a 100 mg/cm2 copper foil,8 would correspond to
an emittance growth of 0.033 K mmmrad. Thus a negligible increase in beam emittance
is expected at these energies. At these energies, negligible losses in particle numbers per
bunch are also expected during the final stripping process.

Taking into account the increase in the beam emittance due to the final stripping,
and with (Jy = 0.898, at transfer, the emittance values given in Table IEL-3 are 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 bunch area of the
AGS bunch. The values which correspond to injection into the Booster are small, less
than 0.07 eVsec/u, 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 eVsec/
u, including dilution during Booster acceleration and the energy spread from the last
'ripping target located between the Booster and the AGS, No additional dilution is

expected in the AGS, and this value is used as input to the design of the collider. 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 for
Au and 12 nsec for p beams is taken.
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IV. COLLIDER

I V.I. Collider Scenario and Major 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 RHIC design desiderata can be achieved in different ways. An imp ••% it choice
in the RHIC design was the utilization of short bunches colliding head-on to enhance the
luminosity while keeping the average current, and stored beam energy low. It was found
that intrabeam scattering is one of the dom it design considerations in heavy ion
machines, which require stronger focusing lattices and higher rf voltages than
corresponding proton machines.

One of the collider design requirements is that the beams can be stored for a
minimum of 10 h at energic. above 30 GeV/u. Au-beams exhibit the largest beam growth
from intrabeam scattering and thus define the magnet aperture and rf voltage
requirements.

Given that the machine will be built in the existing 3.8-km long tunnel, a cost
optimization is achieved by filling the circumference with relatively low-field magnets.
The maximum energy for gold ions of 100 GeV/u is reached with a magnetic field
of 3.45 T. The major parameters of the RHIC systems are listed in Table IV. 1-1.

The collider design relies on the existing Tandem Van de Graaff, the Booster
Synchrotron under construction, and the Alternating Gradient Synchrotron, as injector.
The transfer lines connecting the AGS to the two magnetic rings are part of the Collider
system. Their design is similar to that in the latest CBA/ISABELLE proposal so that
existing beam transport magnets can be used.

The collider scenario for Au-ions, which represent the heavy-ion species used as
proto-typical example, assumes formation and acceleration of three bunches in the
Booster. The three bunches are transferred as a bunch train to the AGS and are then
accelerated to the RHIC injection energy.

The present AGS extraction system allows single-shot transfer of the three-bunch
train into one of the two collider rings. This cycle is repeated 19 times in order to fill one
collider ring with the nominal 57 bunches. Filing both rings requires about 1 minute.
Minimizing the filling time is important in order to prevent bunch area dilution due to
intrabeam scattering, which would double the energy spread in 6 min at injection. The
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 about ten seconds per ring.

61



Table IV.1-1. Major Parameters for the Collider

Energy Range (each beam), Au
protons

Luminosity, Au-Au @ 100 GeV/u & 10 h av.
Operational lifetime Au @ y > 30
Diamond length
Circumference, 4-3/4 CAQ<J

Number of crossing points
Free space at crossing point
Beta @ crossing, horizontal/vertical

low-beta insertion
Crossing angle, maximum
Betatron tune, horizontal/vertical
Transition Energy, yT

Filling mode
No. of bunches/ring
No. of Au-ions/bunch
Filling time (each ring)
Magnetic Rigidity, Bp: @ injection

@ top energy
Bending radius, arc dipole
No. of dipoles (180/ring + 12 common)
No. of quadrupoles (276 arc + 216 insertion)
Dipole field @ 100 GeV/u, Au
Dipole field strength, Jfld£
Dipole current
Dipole yoke length
Quadrupole gradient
Arc quadrupole strength, jGd£/Bp
Coil i.d. arc magnets
Beam tube i.d.
Beam separation in arcs
Injection kicker strength (95 nsec)
Beam dump kicker (1
Beam stored energy
rf voltage, /i=342
rf voltage, /i=2052
Acceleration time

7-100
28-250
2x1026

>10
±22

3833.852
6

±9
6
2
7

28.824
24.7

GeV/u
GeV
cm" sec"
h
cm rms
m

m
m
m
mrad

Box-Car
57

lxlO9

< 1
96.7

839.5
243.241

372
492
3.45

32.62
-5

9.70
71.8

0.09665
8

7.29
90

0.132
1.2

300
400
4.5

1

min
T m
T m
m

T
T m
kA
m
T/m
m"
cm
cm
cm
T m
T m
kJ
kV
MV
min
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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 the bunches are transferred,
equally spaced from the AGS to the Collider. The bunch separation is 67 m and this
corresponds to a rise/fall time of ~ 190 nsec for the injection kickers. 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 bunches are captured in stationary
buckets of the so-called acceleration rf system operating at -26.7 MHz, corresponding to
a harmonic /; = 57x6. In order to avoid bunch area dilution, it is essential to match the
shape of the buckets of the collider rf to the bunch shape determined by the AGS rf
system. The harmonic chosen, together with the rf voltage of 215 kV during beam
transfer provide adequate bucket area and are well-matched to the AGS parameters.

Beam parameters at injection are given in Table IV. 1-2. It is assumed that, because
of the required manipulations, the nominal Booster betatron emittance and the
longitudinal phase space area are somewhat diluted to the final values shown in this
table. The beam parameters are taken to be the same for all species, except protons,
which have a larger emittance since they come from a different source. The bunch area,
S, is defined for 95% of the beam population by

S = 6% OT CTg ,

where (JT is the rms bunch length in unit of time and <JE the rms energy spread.
Correspondingly, the normalized emittance, EN = (py)£, is defined by

£M = 6rc ° •eN PH.V

where aH v is the rms beam width or height and fiH v the horizontal or vertical 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 nominal number of ions per bunch transferred to the collider is also given in
Table IV. 1-2. It was derived after allowing for any losses in the Booster and the AGS.
The number of protons in the AGS is larger by an order of magnitude, however, the
design number of 10 protons/bunch is adequate for heavy ion physics. The maximum
kinetic energy that can be reached in the Collider rings is also stated, assuming a
maximum rigidity of 839.5 T-m.

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 elements including

U, most of them in adequate intensity. In fact, the choice of O and Si may entail
operational difficulties due to the mass-to-charge ratio being A/Z = 2, potentially leading
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Table IV.1-2. General Beam Parameters for the Collider

Element

Atomic Number Z
Mass Number A
Resl Energy (GeV/u)
Injection:

Kinetic Energy (GeV/u)
Energy, y
Norm. Emittance (jrmmmrad)
Bunch Area (eVsec/u)
Bunch Length (m)
Energy Spread (xlO'4)
No. ions/Bunch (xlO9)

Top Energy.
Kinetic Energy (GeV/u)
Energy, y
Bunch Length (m)
Energy Spread (xlO"4)

Proton

1
1
0.93827

28.1
30.9
20
0.3

±1.77
±5.6

100

250.7
268.2
±0.60
±1.92

Deuterium

1
2
0.93781

13.6
15.5
10
0.3

±2.33
±8.4

100

124.9
134.2
±0.84
±2.76

Oxygen

8
16
0.93093

13.6
15.6
10
0.3

±2.33
±8.4

8.3

124.9
135.2
±0.84
±2.75

Silicon

14
28
0.93046

13.6
15.6
10
0.3

±2.33
±8.4
5.6

124.9
135.3
±0.84
±2.75

Copper

29
63
0.92022

12.4
14.4
10
0.3

±2.39
±8.9
2.7

114.9
124.5
±0.87
±2.82

Iodine

53
127

0.93058

11.2
13.0
10
0.3

±2.43
±9.7

1.5

104.1
112.9
±0.92
±3.03

Gold

79
197

0.93113

10.4
12.2
10
0.3

±2.44
±10.2

1.0

100.0
108.4
±0.93
±3.05

'Acceleration rf System * = 342, Vrf = 300 kV.



to beam contamination with lighter fragments. Since this problem could be circumvented
by the use of isotopes or different elements such as n B and Cl, the discussion is
limited here to the few illustrative examples of Table IV. 1-2.

After injection, the rf voltage is increased adiabatically to the nominal voltage of
-300 kV suitable for the acceleration of all ion species. With the exception of protons,
all ion species must be accelerated through the transition energy. In order to avoid bunch
area dilution at transition, a y-transition jump will be executed.

After having reached the operating energy, which takes about 1 min, the bunches are
transferred from the acceleration (26.7 MHz) to the storage rf system at 160 MHz. The
harmonic number of the storage rf is h = 6x6x57 = 2052 resulting in a bucket length of
1.87 m. This frequency was chosen in order to limit the growth of the bunch length due
to intrabeam scattering. By continuously adjusting the rf voltage an rrns bunch length of
-31 cm can be enforced. The resulting rms diamond length is a constant -22 cm.
Choosing a higher rf frequency would allow even shorter bunch lengths but would
require higher rf voltages and increase cost. Furthermore, a higher frequency puts more
severe demands on the bunch length during transfer from the acceleration to the storage
rf system. The choice of the harmonic number h = 2052 appears to represent a reasonable
compromise.

The voltage requirement of the storage rf system is determined by the bucket half
height, taken as twice the rms energy spread of the beam. In the case of Au bunches with
a rms bunch length of 0.31 m at top energy, the rms energy spread is 5E = 0.25x10"
immediately after transfer to the 160 MHz rf system and the initial voltage required is
-290 kV. The final voltage required for gold beams after a 10 hour storage period
depends on the initial emittance as shown in Fig. IV. 1-1. The rf voltage required for gold
beams at 100 GeV/u with an initial normalized emittance of 10rc mmmrad is nominally
11.4 MV.

The differential equations governing intrabeam scattering are believed to be well-
understood and reliable. There are, however, uncertainties resulting from the lack of
knowledge as to the beam parameters in RHIC after injection and acceleration through
transition. In view of these uncertainties which mostly impact the rf voltage requirements
and the substantial cost attached to the high-frequency rf system, installation of a lower
voltage if system on day-one would seem advisable.

It was decided to initially provide a 160 MHz rf system with 6 cavities per ring
capable of achieving 4.5 MV/turn. By intentionally increasing the initial transverse
emittance, this rf system will be capable of maintaining the bunch length during the 10
hour lifetime at the price of a modest reduction in luminosity. This scenario has been
adopted in defining the rf voltage requirements for the storage rf system with the
provision that additional voltage can be added in the future to increase the average
luminosity.
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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 at 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.2-1.

The ring structure conforms closely to the geometry of the existing tunnel. In the
standard configuration, there is reflection symmetry with respect 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
fundamental period. The superperiodicity will be reduced further if the insertions are not
all identical, e.g., in order to provide different crossing point conditions (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/u, 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 outside the desired operating interval for experiments
which require specific beam energies very close to the nominal yT = 24.7.

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 emittances 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 yT = 24.7 and a tune vHV - 28.825. Each cell is
29.622 m long; it deflects the beam by 77.701 mrad and has a betatron phase advance of
90°. The studies show that this choice of focusing strength is adequate for limiting the
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Fig. IV.2-1. Layout of the Collider.

68



intrabeam Coulomb scattering emittance growth as well as the 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. The cell betatron and dispersion functions are shown in
Fig. IV.2-2, and the principal characteristics are tabulated in Table IV.2-1.

XD(m)

-14.811 - 1 0 10 14.811

Fig. IV.2-2. P and X functions of RHIC regular arc cell.
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Table IV.2-1. Principal Characteristics of Arc Cells

Inner Arc

Length (m) 29.5871
Deflection Angle (mrad)
Average Radius of Curvature (m) 380.7829
Distance between Centerlines (m)
Dipole Strength* \Bd£/Bp
Quadrupole Strength*

jB'd£/Bp, (m"1) F&D
Betatron Phase Advance

AyH/2ir, A\|fv/2re

(iH v & pH v in quadrupole midplanes (m)
A

Xp & Xp in quadrupole midplanes (m)

Outer Arc

29.6571
77.7007

381.6838
0.9
0.038850

0.0969 & -0.0970

0.25

50.0 & 8.5

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,
P* = PH = Pv anc* t n e 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
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 insertion 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"4)
from symmetry is caused by the differences in drift space lengths imposed by
geometrical constraints.

Figure IV.2-3 shows the half-insertion at 6 o'clock and Fig. IV.2-4 an expanded
layout of an insertion on one side of the interaction point. Each half-insertion is
composed of (1) a dispersion matching section (Q9, Q8, Q7, BS2, Q6, BS1 and Q5); (2)
a straight betatron function matching section with the quadrupole doublet Q5, Q4 and the
triplet Q3, Q2 and Ql; and (3) the beam crossing dipoles BC2 and BC1. BS1 of the inner
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and outer half-insenions serve also to bring the beam-beam separation from 90 cm to 35
cm at the edge of BC2. The insertion dipoles BS2 are identical to the arc dipoles. The
magnets Q3, Q2, Ql, BC2 of inner and outer insertions and the common BC1 sit in
common vacuum vessels (dual magnets). All magnets in the insertions except BS1 and
BS2 are separately adjustable.

The beam crossing geometry is shown in Fig. IV.2-5. BC1 is common to both
beams, BC2 of inner and outer insertions are separately excited to accommodate
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.

The main insertion characteristics are tabulated in Table IV.2-2 and the associated
magnet parameters in Table IV.2-3. The behavior of the betatron and dispersion
functions is shown in Fig. IV.2-6, 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 dispersion
characteristics.

Fig. IV.2-3. RHIC half-insertion at 6 o'clock.

3.97mr 22.5 mr "2

10m 13m

Fig. IV.2-4. Expanded layout of half-insertion.
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Table IV.2-2. Principal Insertion Characteristics

Number of insertions
Crossing angle (mrad)
Nominal free space @ crossing' (m)
Half-Insertion length, outer (m)

inner (m)

K ("»
XP
a*

6
0-7
±10
141.782
141.731

0
~0
0

8
P (m)
lB"d£/Bp @ QF in arc* (m"2)

@ QD in arc (m"2)

2
625

0.21
-0.41

6
225

0.13
-0.26

tThe actual free space available for detector equipment is ±9 m.

tFor zero chromaticity with two sextupole families.
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Injection into the collider, acceleration and low-energy operation will be done with

the p = 6 m configuration. The low-beta configuration with P = 2 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 physical

changes of the magnet system will be needed.

Table IV.2-3. Nominal Parameters of Insertion Magnets (|J* = 6 m, a = 0 mrad)

1

Q9*
Q8
Q7
BS2
Q6
BS1I1

BS1O1

Q5
Q4

Q3
Q2

Ql
BC2
BCl

QD
QF
B

Leff ( m ) +

Inner

0.90
1.13
1.35
9.46
0.90
3.57 0.014656
5.46
1,49
1.35
1.18
2.41
1.41
4.40
3.30

1.13
1.13
9.46

\Bd£/Bp

Outer

0.038850

0.022432

0.014302§

0.018189§

0.03885

li
Inner

0.0746
-0.0990
0.1229

-0.0806

0.1501
-0.1084
0.0785

-0.1649
0.1007

f'd£/£p (m'1)

Outer

-0.0748
0.0990

-0.1228

0.0800

-0.1503
0.1091

-0.0785
0.1650

-0.1008

-0.0970
0.0969

quadrupole lengths were chosen to optimize power supply and lead requirements for p* =
2 to 6 m. At top energy Bp = 839.5 Tm.

*The quoted values include contribution of the half-quadrupole in the arc.

'The BS dipoles will be constructed with different length for the inner and outer insertion
respectively to have the same nominal field strength.

8The integrated field 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 fields
required for other crossing angle geometry or unequal species are always smaller than the
values quoted here.
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Fig. IV.2-6. Betatron and dispersion functions in the insertion region.
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The luminosity and the crossing point conditions (p* values, crossing angle, and Bp
value) are interrelated and limited by the magnet apcxiures, the beam energy, and the

A1/2

tunability of the insertion. Figure IV.2-7 shows the maximum amplitude function p
and the chromaticity contribution of one insertion as a function of (3 . Figure IV.2-8
shows the corresponding quadrupole gradients )B'd2/Bp as a function of p at the design
tune of v = 28.826 and at a possible alternative operating tune of v = 28.195. 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.

E

2 3 4 5 6 7 8 9

Fig. IV.2-7. The maximum amplitude function and the total natural chromaticity is shown as a
function of P .
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Fig. IV.2-8. Strength nf Insertion Quadrupole versus (5 .
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iii. Chromatic Effects
If the insertions are all identical and set up for (3 = 6 m the natural chromaticities

iX—P dv/dp) are XH = Xv = -49 to which the six arcs contribute -24 units. These large
negative values of the chromaticities must be reduced to zero or a small positive value.
This can be done by having sextupoles next to each quadrupole in which there is
significant dispersion. A configuration with 24 sextupoles per arc and none in the
insertions was adopted. The sextupoles are connected to allow as many as four families
per arc, however on day-one, a six family scheme (three families/arc) with four power
supplies will be used. In the inner arcs the strengths of alternate focussing sextupoles
will be set at SF ± ASF with respect to the average value SF and the defocussing
sextupoles will be set at the average value SD. In the outer arcs the role is reversed with
the focussing sextupoles set to the average value SF and the defocussing sextupoles being
set at SD ± ASD with respect to the average value SD. The placement of the sextupoles of
one ring relative to their associated quadrupoles is antisymmetric with respect to the
crossing point; the sextupole placement in the two rings has mirror symmetry with
respect to a radius through the crossing point. A plan view of the sextupole configuration
is shown in Fig. IV.2-9.

INNER
SF

Q9I

SD

SF

SD
Q90 Q90

OUTER

Fig. IV.2-9. Sextupole arrangement in the inner and outer arcs (shown at 6 o'clock insertion).
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Figure IV.2-10 shows the variation of lattice functions for off-momentum particles.
The increase of the (5- and X -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 day-one configuration
foresees the arrangement in sextupole families shown above, which is certainly adequate
for p = 6 m. Operation with the p = 2 m low-beta insertions may require activation of
more sextupole families per arc, requiring additional power supplies but no modification
of the electrical bus configuration of the magnets.

Figure IV.2-11 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 more families.

The sextupoles required in the lattice to correct the chromaticity introduce intrinsic
nonlinear effects by which the betatron tunes will be shifted proportionally to the particle
emittances. For the worst case where p = 2 m and with the arrangement described above
one finds

AvH < (2xlO"3 rnnT^mrad""1) eH/rc

Avv < (2xlO~3

where £H and ev are actual emittance values. The coefficient of proportionally drops
down to 0.7x10* mm" mrad"1 for P* = 6 m. Thus this effect does not seem to be very
consequential.
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Fig. IV.2-10. Variation of betatron and dispersion functions versus momentum at the center of
inner arcs (left) and at the crossing point (right).
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Fig. IV.2-11. Variation of betatron tunes with momentum.
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iv. Y
Since the injection energy of heavy ion is small (Table IV. 1-2), the heavy ion beams

have to be accelerated through the transition energy. There are several undesirable
effects on the bunch motion at the transition energy: microwave instability, nonlinear
effects, and the induced rf voltage during the acceleration through the transition energy
(see Section IV.3.iv). To avoid these problems and to eliminate bunch dilution in the
passage through the transition energy, a yT-jump is required with AyT = 0.6 in 60 msec.

To achieve the yT-jump, there are two possible solutions:
1. Using the matched insertions as the phase trombone while adjusting the phase

advance per cell by 1.8°, yT can be shifted down by 0.9 without appreciable changes in
£ p and p\

2. Using two families of ^-correctors at the horizontally focusing quadrupoles
separated by 180° betatron phase advance from each other, the value of yT can be
changed effectively with a minimum excitation current without changing the tune. Figure
FV.2-12 shows AyT vs. the b{ excitation strength as well as the change of the lattice
parameters. At the design yT = 24.7, the required bx-correction strength is JB'dg = 0.8 T
per corrector to reach AyT = 0.6. The ^-corrector capability is 1.5 T. Because of the
excitation of these yT quadrupoles, the dispersion function and betatron amplitude
function is increased substantially. Fortunately, the emittance of the beam during the
acceleration stage is still small. Tracking calculations of particle beam indicates that the
dynamical aperture is adequate for the heavy ion operation.

In the yT jump scenario, the later scheme is chosen in view of its simplicity and cost
effectiveness. The first scheme would have required a more demanding power supply
system for the insertion quadrupoles.
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Fig. IV.2-12. Lattice changes versus the strength of the bj-corrector for a yT-jump.
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v. Lattice Correction Systems
The lattice configuration described above would be completely adequate to assure

stable motion of single particles assuming ideal properties of all magnet elements. Real
magnets depart unavoidably from the ideal situation and will exhibit 1) systematic errors
due to design or intrinsic material properties such as iron saturation or superconductor
magnetization and 2) random errors due to fabrication and installation tolerances.
Furthermore, the goal of high luminosity implies intense beams imposing additional
operational requirements. Proper operation of the collider as built therefore requires
additional systematic trim and random error correction magnets.

The primary objectives for the correction of beam optics distortions are to assure 1)
that the orbit is centered in the good field aperture of the magnets and 2) that the
operating tune remains in a range which is free from 10th order and lower resonances.
The tune diagram for RHIC is shown in Fig. IV.2-13 with the selected working point at
vv = 28.826 and vv = 28.821 as well as the neighboring sum and difference
resonances n vx ± m v = p where n, m, and p are positive integers and n + m
denotes the order of the resonance. The nominal tune is located between the 5th order
systematic resonance at 28.800 and the 6th order resonance at 28.833 yielding a
useable tune range of 33x10" . The trim/correction magnet systems for RHIC with a
brief description of the beam optical purpose are listed in Table IV.2-4.

:= 9 0 -

t j r r

:= BO

Fig. IV.2-13. Tune diagram sho' ing the selected working point of RHIC at vx = 28.826,
v = 28.821 with neighboring sum and difference resonances.
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Table IV.2-4. Trim/Correction Magnet Systems.

Magnet System Beam Optical Purpose Units/ring, Location, Strength

Dipole Correct closed orbit 246 bo/a,, units, 0.3 T m each
@ each QF/QD and Q1-Q9
individually powered

Dipole Beam separation
@ crossing point during
acceleration and storage

2 ao units/insertion, 0.5 T m each
@ Q2-Q3
powered as pairs

Quadrupole yT-jump 12 bx units/sextant, 1.5 T
@ QF in arcs
2 families/ring

Quadrupole Correct , Xp

@ crossing point
Trim power supplies @ Q1-Q9.

Skew Quadrupole Correct linear coupling and
tune splitting

9 a, units/ring, 1.5 T
@ Q2I, Q2O and Q5O
3 families/ring

Skew Quadrupole Correct
Y @ crossing point
Linear coupling

12 a1 units/sextant, 1.5 T each
@ QD in arcs
powered as 4 families/sextant

Octupole Correct tune spread due to
<b3> * 0 in dipoles

25 b3 units/sextant; 3.6 kT/m
@ QF/QD in arcs
2 families/ring

Decapole Correct tune spread due to
iron saturation in dipoles

25 b4/sextant; 549 kT/m3 each
@ QF/QD in arcs
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IV.3 Performance

i. Luminosity
For head-on collisions of very short bunches the luminosity is given by

/,rev

rev
where NB is the riumber of particles per bunch, B the number of bunches per beam,/,
the revolution frequency, G^, Gy are respectively the horizontal and vertical rms beam
dimensions at the crossing point. The above equation applies to the case of two identical
beams. For "round" beams one finds

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

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.

During the storage the rms bunch length oe = 31 cm at all times and the smallest
value of p is 2 m; thus the luminosity does not depend on the bunch length through the
q-facfoT. Though the magnet arrangement at the crossing allows crossing angles as large
as ~7 mrad, it is not considered safe to operate the two beams colliding at angles such
that q is much larger than unit, and q = 1 is taken as the limit. Another important
parameter required for the design of the detectors is the length Cj of the interaction
region. Its rms value is approximately given by

a, = -T=1" V2 ( iV) 1 / 2
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Thus for head-on collision q = 0 and Oj = 22 cm, whereas at the limit q = 1 the
interaction length reduces to 15 cm but at cost of a reduction of the luminosity by a
factor yJ2.

The expected initial values of the luminosity at top energy are shown in Table
IV.3-1 assuming (J = 2 m, 57 bunches and an initial normalized emittance of 10K
mmmrad for all species except for protons in which case £N = 20TC mmmrad. The values
in the table correspond to head-on collision.

At lower energies, down to 10 GeV/u, the initial luminosity will decrease linearly
with y for head-on collision.

The luminosity for different species colliding can be obtained simply by taking the
geometric average of the luminosity figures in Table IV.3-1 for the corresponding ions.
Head-on collisions between protons and gold would have a luminosity of -10 cm"
sec"1 at 100 GeV/u for both beams.

The instantaneous luminosity will decrease over a period of storage, because the
beam dimensions are increased due to intrabeam scattering. Two scenarios have been
examined in full details for the case of gold ion beams. In the first scenario one keeps
the initial emittance of lOrc mm-mrad which then will blow up to a value of 3571
mmmrad because of intrabeam scattering over a period of ten hours. In this mode of
operation one needs 11.5 MV for the rf system and the luminosity varies continuously.
After the ten-hours period the average luminosity at 100 GeV/u is 6x10 cm" sec" for
(3 = 2 m which is a drop of about a factor two from the peak luminosity shown in Table
IV.3-1. In the second scenario, in order to keep the maximum required rf voltage to 4.5
MV, the beam emittance is initially and intentionally blown up to 607C mm-mrad. In this
scenario the beam emittance will then remain practically unchanged during the ten-hour
period and thus also the luminosity is constant over the same period, except that now the
corresponding average luminosity is about 2xlO26 cm"2 sec"1 at 100 GeV/u, a factor three
smaller when compared to the case of the previous scenario. The change of luminosity as
function of the storage time is shown in Fig. IV.3-1 for the two scenarios discussed.

86



Table IV.3-1. Initial Luminosity at Top Energy (a = 0)

Proton
Oxygen
Silicon
Copper
Iodine
Gold
Gold

" B

xlO9

100
8.3
5.6
2.7
1.5
1.0
1.0

E/A
(GeV/u)

250.7
124.9
124.9
114.9
104.1
100
100

eN/ic
(mm-mrad)

20
10
10
10
10
10
60

Luminosity
(cm" sec" )

1.4xlO31

9.8X1028

4.4xlO28

9.5xlO27

2.7X1027

l . lxlO2 7

2x1026

1x10" ions /BUNCH

ex 0 = 60 n mm • mrad

Fig. IV.3-1. Luminosity vs. time (Au, y = 100, N. = 1x10 ions/bunch)
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The energy dependence of the luminosity averaged over 10 h is shown in Fig. IV.3-
2. Results are shown for the two modes of operation, with and without blow-up of initial
emittance. In computing these curves, p* = 3m at y = 100 and p" is gradually increased to
(}* = 6 at lower y to provide enough aperture according to the 6a rule, assuming equal (3
at all crossing points.
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Fig. IV.3-2. Average luminosity over 10 h versus energy (Au-Au, 1x10 ions/bunch)
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ii. 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 proportional 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 Piwinski,1 Bjorken and Mtingwa, Mohi,
Piwinski, Sacherer and Martini,3 which can be used to estimate the growth rates of the
three dimensions of a bunch at a particular location of the lattice, and several computer
codes are available for this task. A model has been created to estimate the growth rates
averaged over the entire circumference of the lattice. For this purpose magnet and drift
lengths have been taken into account. Moreover, actual variations of the lattice
functions, px and X , have also been properly handled. As the beam diffuses the beam
dimensions increase and the diffusion rates decrease correspondingly. This fact has been
taken into account in our estimates.

It must be pointed out that the calculations, based on the theoretical models
available, involve only the estimate of the rms bunch dimensions. A bi-gaussian
distribution is then assumed, though the details of the higher momenta are not really
known.

The usual intrabeam scattering theory results assumed that the horizontal and
vertical oscillations are not coupled.1" If the two transverse modes of oscillations are
taken to be completely decoupled, one finds at energies well above transition that the
horizontal mode has a positive 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 acts
within time periods shorter than the intrabeam scattering diffusion time, one can assume
that the beam remains round, i.e., that the horizontal and vertical beam emittances are
always equal. It is expected that the presence of coupling will reduce the growth due to

2A. Piwinski, Proc. 9th Int. Conf. on High Energy Accelerators, Stanford, 1974, p. 405.
J.D. Bjorken and S.K. Mtingwa, Particle Accelerators, 13, 115, (1983).

4M. Martini, CERN PS/84-9 (AA) 1984).
G. Parzen, Proc. 1985 Particle Accelerator Conference, Vancouver, p. 2326.
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intrabeam scattering at higher energies, because of the damping in the vertical direction,
although this reduction is not large and is of the order of 10 to 20%. The intrabeam
scattering theory has been modified for the case of complete coupling, and results were
obtained for completely coupled transverse oscillations. Oniy results for the completely
coupled beam were used in the following discussion.

At lower energies, Y -30, the horizontal and vertical oscillations grow at about the
same rates and the assumption of complete coupling does not change the results by
much. In particular, it has been verified that the assumption of coupling does not
significantly change the magnet aperture requirements nor the estimates of beam
lifetime.

The high frequency, /j=2052, rf system which is used to bunch the beam during the
colliding stage is operated so as to keep the rms bunch length Ge constant. This is done
by adjusting the rf voltage, as the rms beam energy spread o grows due to intrabeam
scattering, so that the rf bucket is just large enough to contain the beam energy spread.
For the case of Au ions, the assumption is that AB = 2a , where AB is the half height of
the bucket in A/?/p. The synchrotron oscillations for a single particle obey the equation

AB
= sin (<j)/2)

where A is the maximum Ap/p of the particle, and <j> its maximum rf phase. Thus keeping
a /AB fixed, implies to a good approximation, that c £ will remain constant. For AB =
2c , the above equation gives <se = S.^, where £B is the bucket half-length, oro^ =31
cm.

The results given here are for gold beams since this is believed to be one of the
worst cases. This is shown in the following Table IV.3-2 where the quantity NB (Z2/A)2,
which is a rough measure of the intrabeam scattering, is listed for representative
elements.

The growth of the energy spread with time at injection energy, y=12, has been
computed for gold beams with an initial bunch area of 0.3 eVsec/u and a normalized
emittance of IOTC mm-mrad, i.e. the nominal parameters at injection. The bunch area
doubles in about 6 min. In comparison, the growth rate of the emittance is insignificant.
In order to retain the bunch area assumed for passage through transition and transfer of
bunches from the acceleration to the storage rf system it is therefore imperative to
minimize the time used for the AGS-to-RHIC beam transfer.

G. Parzen, Proc. EPAC, Rome, 1987 (to be published).
G. Parzen, AD/RHIC-66 (1988).
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Table IV.3-2. Scaling of Intrabeam Scattering

Element

Proton
Oxygen
Silicon
Copper
Iodine
Gold

xl 09

100

8.3

5.6

2.7

1.5

1.0

xlO9

100

133

274

481

734

1004

Because of the very large rf voltage otherwise required, it appears desirable to blow
up the initial beam emittance. Blowing up the initial emittance reduces the final rf
voltage requirement. By increasing the initial emittance from £x = 10rc to ex = 60rc
mm-mrad, the rf voltage required for Au at y = 100 after 10 h is reduced from V - 11.4
MV to V = 4.5 MV. However, this procedure also reduces the 10 h-average luminosity by
a factor of about 3. The design of the day-one storage rf system assumes this scenario.
The loss of luminosity can be regained later on by increasing the rf voltage available
from 4.5 to 11.4 MV.

The blowup of the initial emittance to reduce rf voltage requirements is only
necessary for the heavier ions. For lighter ions, below about Si with Z = 14, it will be
possible to run with an initial emittance of £x = lOrc mm-mrad.

G. Parzen, AD/RHIC-68 (1988).
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Figure IV.3-3 shows the rf voltage required after t = 10 h for Au at y = 100 as a
function of the initial emittance. One sees that in this worst case, an initial normalized
emittance of ex = 60TC mmmrad is required to reduce the rf voltage to V = 4.5 MV.

20

w 1 0

s

u_

V
160 MHz

Auat100GeV/u
109/BUNCH
0.3 eV • sec / u

1 1 I 1
10 50

INITIAL EMITTANCE (JC mm • m rad)

Fig. IV.3-3. RF voltage required versus the initial emittance for Au ions at y = 100.
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In Fig. IV.3-4 the momentum spread of the bunch, 2ap, versus the beam energy at
the end of a 10-hour storage period is shown. The vertical dashed-dotted line in this and
the following figures indicates the transition energy at YT = 24.7. As initial values for
gold a bunch area of 0.3 eVsec/u is taken. For the betatron emittance, at any energy, the
same initial value of 10rc mm-mrad (normalized emittance, 95% of the beam) is assumed.
The dashed curve in Fig. IV.3-4 shows the momentum spread after 10 h if at each y, the
initial emittance has been blown up to keep the rf voltage below V = 4.5 MV.
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Fig. IV.3-4. Energy spread growth versus y for Au ions. The dashed curve represents results
for blown-up initial emittance.
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The emittance growth (the same in both planes, because of 0w.r assumption of full
coupling) is shown in Fig. IV.3-5. An interesting result is that the normalized emittance
for y > Y~ is independent of y, whereas for Y < yT

 t n e emittance increases quickly as the
beam energy decreases. The dashed curves in Fig. IV.3-5 show the emittance growth
during a 10 h storage time in the case that the initial emittance has been blown up to
keep the rf voltage below V = 4.5 MV.
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Fig. IV.3-5. Emittance growth versus y for Au ions. The dashed curves represent results for
blown-up initial emittance.
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Blowing up the initial emittance increases also the final emittance after 10 h thus
requiring more aperture. Figure IV.3-6 shows the final ax after 10 h as a function of y,
assuming the initial emittance has been blown up to give a final rf voltage of V = 4.5
MV. The two dashed lines show the largest ax allowed by the aperture provided for p* =
3 m and p* = 6 m in accordance with the 6c rule. For y = 100, one can operate with p* =
3 in all insertions. Operation with p = 2 m is possible in at least one insertion if (i = 6
m is retained in the others. For lower y one will have to raise p in some of the insertions
to have sufficient aperture.

Au

= 6 limit

20 40 60 80
ENERGY (y)

100

Fig. IV.3-6. rms beam size a x at t = 10 h versus y for Au ions, assuming the initial emittance
has been increased to keep V^p below 4.5 MV.
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iii. 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 criterion adopted for the dynamic

aperture was that it be large enough to contain betatron oscillations as large as 6(5* at y «

30 up to f = 10 h. For off-momentum particles, the 6o rule can be relaxed. At y = 30, the

horizontal beam size for the case of gold corresponds to c p = 1.67 mm at t = 0 and grows

to oB = 3.0 mm after t - 10 h. The Ga are quoted at QF in the regular arc cells using

lattice functions of the error free rings.

It has been found, from tracking studies, that the stability surface (or acceptance) in

RHIC is a surface of constant £t = £x + £ to a fairly good approximation. The stability

surface is the surface in x, x\ y, / such that particles which start outside this surface

become unstable. The 6o rule is taken to mean that a particle starting with x < 6 o«,

x' = y = y - 0 will be stable.8 It follows that the stability surface required corresponds to

et/7C = (6&p)2/px. For gold at y = 30 after 10 h, £t = 6.5rc mmmrad gives the required

stability surface. Tracking studies are usually done with particles starting with £x = e^,

and for a particle starting with x - y - 0, the required stability limit is aSL = 6Op/-\/2 =

12.7 mm for Au ions at y = 30 in the middle of the arcs. In the x,y- physical space this

corresponds to an ellipse of 6a ^ = 18 mm major axis for the good field aperture in the

regular arc quadrupoles of 80 mm coil i.d.

The need to contain such large betatron oscillations turns out to be a determining

factor in establishing the physical magnet aperture. Reducing the magnet aperture would

make the random magnet field errors laiger, which could make large betatron oscillations

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 coils are summarized as follows:

Arc Magnets 40 mm
Ql, Q2, Q3 65 mm
Q4 to Q9 40 mm (exceptions @ 6 o'clock)
BC2 40 mm
BC1 85 mm

The expected random and systematic field errors in these magnets are given in

Tables IV.3-3 and -4. Using these field errors, one can establish the stability limit, aSL,

by means of tracking studies. Two tracking programs, PATRICIA and ORBIT, were used

to compute these stability limits. The results from these two programs are in good

F. Dell, H. Hahn and G. Parzen, "Definitions of terms used in intrabeam scattering computations and
^tracking studies" Technical Note AD/RHIC-42 (1988).
G.F. Dell and G. Parzen, 1985 Particle Accelerator Conference, Vancouver, BC. p. 1620.
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Table IV.3-3.

Arc Dipoles
n

Expected

b

rms

BC1

Random

a i

Multipole

BC2

Errors (cm

Arc Quads
& Q4-Q9

)

Q1-Q3

*****

0
1
2
3
4
5
6
7
8
9

10

5.0
0.8
7.4
8.1
5.6
5.4
3.4
3.0
1.8
1.6
9.8

&
&
&
&
&
&
&
&
&
&
&

5.
1.
2.
1.
1.
9.
1.
5.
0.
3,
3

0x10"
6x10"
1x10
,4x10
.5x10
3x10
,0x10
,6x10
,6x10"
.0x10

,-5

-5

f6
-7

-7

-8

-9

5.0 xlO"
6.2 xlO
6.7 xlO"'
9.8 xlO"'
1.30x10"
1.62x10"'
2.03x10

-5

-9

.0X10
-10

2.28x10
2.72x10
3.10x10
3.56x10

-10

-ii

-12

-13

5.0 xlO"
1.56x10"
3.90x10
1.17x10
3.36x10
8.76x10
2.34x10
5.66x10
1.42x10
3.45x10
8.03x10

-5

-5

-6

-7

-7

-8

-8

-9

,-10

4.0 & 2.
3.7 & 4.
1.0 & 1.
3.6 & 3,
1.9 &0,
2.5 & 2,
4.9 & 4
1.6 & 1
7.9 & 2
1.0 & 1

0x10 3.3x10
OxlO"5 1.3xlO"5

2x10* 1.5xlO"6

,6xlO"6 2.5xlO"7

,3xlO"6 3.8xlO"8

5xlO"7 5.9xlO"9

,9xlO"8 9.8xlO"10

,6xlO"8 1.5X10"10

.6xlO"9 2.2xlO"11

.OxlO"9 3.3xlO"12

Table IV.3-4. Systematic Multipole Errors in Arc Magnets Due To Coil Design

Dipoles' Quadrupoles*

2
4
5
6
8
9

10
12
13
14
16
17
18

1.5x10
5.4x10

2.5x10
1.3x10

2.0x10
9.6x10

-10

4.8x10
-8.2x10

r"
-12

2.7x10
-13

0

-6x10"

3x10 -13

'P.A. Thompson, "RHIC Dipole Cross Sections", Report RHIC-MD-56 (1987).
*P. Thompson, "Details of RHIC Arc Quadrupole Design QRA", RHIC-MD-61
(1987).
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agreement. Figure IV.3-7 shows aSL, found by tracking 10 machines with different error
distributions, as a function of momentum Ap/p, calculated with random errors (except bo

and bja^ and with systematic errors present. The stability limit of aSL = 15.5 mm is to
be compared with the required stability limit at y = 30 for Au of 12.7 mm. At y = 30 for
Au, the beam energy spread will grow to Ap/p = ±0.005 after t = 10 h. At Ap/p = -0.005,
the stability limit decreases to aSL = 13.5 mm, which is still more than the required 12.7
mm. It thus can be stated that the estimated betatron acceptance of RHIC is 9.6K
mm-mrad for Ap/p=0 and 4.8TT mm-mrad at Ap/p=±0.8%. The dynamic apenure is cleariy
adequate at injection at which time the beam has not yet grown from intrabeam
scattering.
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m
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20 —

2 —
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P*= 6m IN ALL INSERTIONS

I I I
-10 0 10 x 1 0

M O M E N T U M DEVIATION ( A p / p )

Fig. IV.3-7. Betatron stability limits versus momentum deviation (tracking program ORBIT)
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In the above tracking study, the linear tune values were vx = 28.826, vy = 28.821.
This operating point is rn a small square near the diagonal, vx = v , which is clear of all
resonances up to and including tenth order (Fig. IV.2-13). This square is bounded by the
5th and 6th order resonances at 28.8 and at 28.833 and has a width of about 0.033.

In the above tracking results, the p at the crossing points is p* = P* = 6 m. This is
necessary to get the required stability at low y. At higher energies, as the betatron
oscillation amplitude decreases like y'112, the p* and p* can be gradually reduced to p* =
P* = 2 m. The results obtained with PATRICIA showing the reduction of the dynamical
aperture by lowering the value of P are given in Fig. IV.3-8. Only random field errors
have been assumed. The study concluded that the physical aperture of the BC2 dipole
represents the limiting factor.

-0.5 0.0 +0.5%

MOMENTUM DEVIATION (Ap / p)
Fig. FV.3-8. Variation of the dynamical aperture with Ap/p and p (Tracking program

PATRICIA). The physical aperture limits of the error-free machine are marked by
dots.
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Closed Orbit Correction and Beam Separation. Additional aperture would be
required for closed orbit errors, if uncorrected. An analysis of closed orbit distortions has
been performed, with four major sources of errors being taken into account. These are
the error in the dipole integrated field strength A(B£)/B£, the dipole axial rotation AG,
the quadrupole displacements in the horizontal plane and the vertical plane. The
following rms values have been assumed: A(B£)/B£ = 5xlO"4, A9 = 1 mrad, the
quadrupole displacements in both planes are 0.25 mm. The lattice used in the analysis
corresponds to p* = 3 m.

The tracking/analysis code PATRIS has been used as the tool for simulating,
analyzing and correcting closed orbit distortions. The code essentially performs two
independent kinds of analysis. One is a quick statistical treatment of closed orbit
distortions, based on over 21 distributions of random errors in the lattice, with the effects
of errors being simulated by kicks. The other is a more realistic approach in which the
effects of errors h;v /e been incorporated into the 7x7 transfer matrix and in which a
correcting scheme, similar to that employed at Fermilab, can be engaged to correct the
orbit which was distorted by taking intc account also the presence of non-linear elements
like sextupoles.

The results of the quick statistical treatment over 21 distributions are shown on
Figures IV.3-9. On this figure, one easily observes how the rms values of closed orbit
distortions follow the local magnitude of the appropriate beta function. In the arcs, the
rms values of uncorrected orbit distortions approach 20-25 mm, whereas in the insertions
they shoot up to about 50-55 mm.

The realistic closed orbit analysis by PATRIS confirms the indications obtained from
the 21 runs in the quick statistical mode. After finding the distorted closed orbit, the code
corrects it by the so-called three bump method. The orbit is monitored and the correction
bumps are delivered from the two sets of monitors/correctors, in each plane. Their
locations have been chosen close to each quadrupole in the lattice and, as usual, divided
in two families, F and D. It is worthwhile to mention that in the arcs the monitor
locations are directly at the sextupole ends towards the dipole. This linear correcting
scheme reduces the orbit distortions by approximately an order of magnitude or better.
However, it is not enough even for the most favorable distributions of random errors
(about 15% of all those analyzed). The distortions of the corrected orbit reach 3-4 mm at
a couple of "hot" spots in the insertions. This effect is caused by the presence of the
sextupole magnets. To alleviate this problem, the algorithm has been modified to allow
repeated adjustments of the correction scheme. This then works well; the residual
distortions of the corrected closed orbit are within 1 mm at all monitor locations. Various
approaches will be studied on how to engage correctors in the framework of the so-calied
"first turn around strategy" to establish a closed orbit before the scheme is called in to
correct the distorted orbit. The maximum corrector strength over all cases was 1.7 kGm,
at the top energy.
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In order to provide beam-beam separation during the acceleration phase and in those
crossing points where collision is not required, a major vertical steering element of a
strength of 5 kGm is located next to each Q3 quadrupole on the side away from the
crossing point. The vertical phase advance between the two locations is almost 180° and
a local closed orbit bump can be easily generated with the help of the other correctors. It
is possible to provide a separation of ±20c* up to a maximum rigidity of 1000 T m .
Moreover there is an uncertainty of the order of millimeter as to the horizontal location
of the crossing point. The two beams can then be steered to collide with each other using
the regular closed orbit correction system. Both horizontal and vertical steering systems
will be used in conjunction with directional beam position monitors located past both Ql
quadrupoles.

Gradient Errors. The tracking results so far 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 random gradient errors. In RlilC, the small magnet
aperture and the closeness of the iron yoke generate appreciable ay and bv The expected
random quadrupole errors due to magnet constructions errors are given in Table IV.3-3.
In addition there are quadrupole errors due to errors in the rotational position of the
quadrupoles. However, to a large extent, these effects are not large or can be corrected
by providing the proper correction system, and a large reduction in the dynamic aperture
due to these linear effects is not expected.

The random quadrupole errors bl can generate a number of effects, including
random variations in the horizontal and vertical ^-functions and the horizontal
dispersion. The random skew quadrupole errors, av can generate random variations of
the vertical dispersion and coupling between the horizontal and vertical betatron
oscillations.

The effects of the random quadrupole errors can be reduced by shuffling the arc
magnets.10 Without shuffling the magnets, but assuming that the bt errors in the insertion
quads have been corrected using the power supply trims for each insertion quad, the
assumed random quadrupole errors can produce random variations in px , (1 , X_ and y p

whose largest expected values in the arcs are about A|ix/(lx = A|Sy/|5 « 15%, AX-/*- =
25%, AYp/Xp « 30%. Shuffling of the arc magnets (dipoles based on b, and av

quadrupoles based on bx) is expected to reduce these errors by a factor of about 3.
Rotational errors in the installation of the quadrupoles cannot be corrected by the

magnet shuffling and correctors will be provided to correct this contribution. Skew
quadrupoles will be provided in the insertion regions, connected into three separately

S. Ohnuma, "Possible benefits from shuffling dipoles in the RHIC", RH3C-15 (1985).
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powered families, to correct the coupling between the horizontal and vertical betatron
oscillations. Skew quadrupoles at QD's in the arcs will also be available for this purpose.

Provision will also be mads to correct the random variations in Px, P , 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 quadrupoles
can be used to correct random variations in Px, p* and Xp at the crossing points, as the
insertion quadrupoles can be separately varied. The vertical dispersion at crossing points
will be corrected by 12 families of a, correctors in the arcs, and space will also be
reserved in the insertions for possible skew quadrupoles.

Studies indicate that after shuffling the magnets and correction of the coupling and
vertical dispersion, the effect of the random quadrupole errors on the dynamic aperture
will be small.

Non-Linear Correctors Requirements. The above tracking results include the
expected random and systematic magnet errors shown in Tables IV.3-3 and 4 for n > 2.
In the ideal machine without errors but with non-linearities due to the sextupoles
required for chromaticity correction, the stability limit exceeds the physical aperture.
Allowing for the systematic errors due to coil geometry and the larger magnetization/
saturation effects does not result in a large change of the stability limit. The stability
limit seems to be determined by higher-order random magnet errors. Thus, in principle,
no higher-order systematic correctors would seem to be required. Two systems for the
correction of octupoles and decapoles nevertheless will be provided.

From the operational point of view it will be highly desirable to have control over
the tune-spread, especially during the colliding mode. There are several contributions to
the tune-spread:

• The residual chromaticity after correction. Over a momentum spread of ± 0.5%
the tune spread ranges between ± O.5xlO~3 for p* = 6 m and ± 5xl0~3 for p* = 2 m.

• The variation of tune with betatron amplitude due to the sextupole magnets. If one
takes a full beam emittance of 1 K mm-rad, the resulting total spread is 0,7xl0~3

for P* = 6 m and 2xlO~3 for p* = 2 m.
• The spread resulting from the beam-beam interaction. This depends on the beam

emittance and the total number of interactions. For the high-luminosity mode we
could assume a limit between 0.01 and 0.02.

• Tune depression from space-charge which would be significant at injection where
it is about 0.02.
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• The tune spread due to non-zero systematic octupole and decapole fields in the
dipole magnets. Systematic errors are caused, in addition to the coil cross section
design, by superconductor magnetization at low fields and iron saturation at high
fields. Random field harmonics due to the coil fabrication will have a bias as is
observed with the FNAL Tevatron magnets.11'1 One must expect that the
systematic.errors, i.e., the average of all random errors, will be about 30% of the
rms errors and that they can exist in the non-allowed harmonics.

When all these contributions are added together, it is seen that there is a good
chance that the total spread in the beam might span entirely across the available tune
range shown in Fig. IV.2-13. Our requirement is to keep the total tune spread to less than
0.02 at any time so as to avoid crossing the nearby fifth and sixth order resonances, of
which the former is a systematic resonance: 5v = 6x6x4. To accomplish this it would
then be desirable to make use of octupole correctors to compensate at least partially for
the tune spread by choosing properly the polarity of the octupole field. If octupoles with
a strength of B'"£ = 3600 T/m , are located next to each quadrupole in the regular arcs
and divided in the usual two families F and D, the resulting tune spread is 9x10" for an
emittance of 0.3it mm-mrad at 30 GeV/u. More octupole strength would be required to
have a beneficial effect at top energy. On the other hand, the tune spread due to the non-
zero average octupole of b3 = 3x10"6 cm"3 in the dipole magnets can be corrected with
the proposed octupole correction system.

The tune spread due to the decapole field which develops at high field from iron
saturation effects is an item of direct concern. The systematic error is expected to be
b4=5J<cl0"6 cm"4 and can cause a tune spread across the beam. For the case of Au beams,
the beam dimensions depend on the choice of the maximum rf voltage in storage mode
and of the corresponding rf scenario. The beam emittance and momentum spread of gold
beams at 100 GeV/u ranges from E = 0.35 to 0.69ft mmmrad and 6 = ±3.2 to ± 2.0xl0"3

for the two cases of V160 MHz = 11.5 and 4.5 MV respectively. The resulting tune
spreads are about vx = vy = 2xlO"3 in both cases.

By locating decapole correctors in two families next to QF and QD it is possible to
reduce the tune spreads by a factor of two but it is not possible to reduce them exactly to
zero. The same two families of decapole correctors can also be used to correct systematic
fifth-order resonance which are located nearby the working tune point.

R. Hanft et al., IEEE Trans. NS-30, 3381 (1983).
JTE.E. Schmidt et al., ibid., 3384 (1983).

F. Dell, H. Hahn, G. Parzen, A. Ruggiero, "RHIC Decapole Correction Magnet Requirements"
Technical Note RHIC-28 (1987).
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iv. Acceleration through Transition
With the exception of protons all ions are injected below transition energy, yT =

24.7, and have to be accelerated through transition for operation at top energy. The
objective is to preserve the initial bunch area during crossing of the transition energy by
avoiding dilutions and particle losses. 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.

Quench protection considerations established -1 min as the time in which to
accelerate the beam from injection to the top energy, resulting in a rate of change in the
magnetic field of B ~ 500 G/sec. The energy gain per turn required to stay synchronous
is given by

Oe • Oe
— V sin <t>s = 2nRpB =-

where 2nR is the ring circumference, p is the bending radius, V the peak rf voltage per
turn and (j>s the synchronous phase angle. The energy gain per turn of Au-ions is -18.7
keV/u. A peak rf voltage of 300 kV is necessary for the acceleration of the beam and to
provide sufficiently large rf buckets. The bunch is injected into a matched bucket with
Vrf = 215 kV. The voltage is then adiabatically raised to 300 kV and kept constant during
the entire acceleration cycle. Beam acceleration and rf bucket parameters are given in
Table IV.3-5.

Table IV.3-5. Beam Acceleration and rf Bucket Parameters (Au)

Y
Q

h

5
AE/E

°e
^bucket

AGS

12.2
77"

0
320

0.3
±1.0

1.0
29.5

Injection

12.2
79"

0
215

0.3
±1.0

1.0
0.9

RHIC
Transition

24.7
79"

500
300

0.3
±4.3

0.14

Top

108.4
79"

0
300

0.3
±0.31

0.38
5.8

Units

G/sec
kV
eVsec/u
xlO"3

m
eVsec/u

tWithout
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There are three effects that could cause a bunch area growth when crossing the
transition energy: (i) space-charge mismatch, (ii) microwave instability, and (iii)
kinematic effects due to the bunch momentum spread. In order to reduce the danger of
these effects, it has been found necessary to provide a yT-jump of an amount AyT = 0.6 in
60 msec. When these conditions are met, then no bunch area dilution or beam loss occur.

The space-charge mismatch is commonly measured by the Sorenssen parameter Tisc,
which is the ratio of the space charge forces to the focusing forces of the external rf
cavities at transition,

" Z o * 'B
I s c — I— "X

\ 2 af V cos<J>s

where IB is the average current in a single bunch, o^ the rms bunch length, a and b the
beam and vacuum chamber radius. For the reference case of gold beam, X\sc = 3.1 for a
normal acceleration mode, and TISC = 0.9 with the yT-jump scheme. Usually values T|sc <
1-2 are considered safe.

There is a period of time around the crossing of the transition energy when the beam
bunch is potentially unstable against longitudinal coherent oscillations. In fact when the

ry A

parameter Tj = y^ - y vanishes there is no Landau damping in the beam. Fortunately,
to balance things, the growth rate of the instability is proportional to Tj. The period of
time when the instability occurs is 55 ^.sec and decreases to 19 |xsec with the yT-jump.
The other ingredient on which the instability growth rate depends is the longitudinal
coupling impedance Z/n. The space-charge contribution is Z/n = il.2 Q to which thui one
should add the contribution of the wall proper which is expected to be predominantly
inductive. Only wavelengths shorter than the bunch length are relevant, this sets the
lower limit n ~ 10 of the range of interest for harmonic numbers. As discussed later, and
as shown in Fig. IV.3-14, for n > 10 , the imaginary part of the coupling impedance does
not exceed one ohm and the real part is negligible. Only a very marginal bunch area
dilution is thus expected.

The third issue at transition-energy crossing is the non-linear synchrotron motion. If
we denote with <$> the phase and with 8 the particle off-momentum variable, one of the
equations of motion is

J = hco0(ri0+ri18) 5 + ...

where n = y~2 - y~2 = t |o + T],8 + ... and r|o = y^2 - y~2 and yo refers to the synchronous
particle. Actually any other particle will cross the transition energy at a different time
depending on its momentum difference from the momentum of the reference particle.
Depending on the sign of 8 there is a period of time given by
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when the particle motion is unstable. Clearly one requires small values of 8 and a higher
rate yT of crossing of the transition energy. It can be demonstrated that

where a t = 0.6 measures the variation of yT with 6 and it is given by the chromatic
properties of the collider lattice.

A computer code has been written and used to simulate the motion of thousand
panicles crossing the transition energy in RHIC under the conditions specified above.
The simulation took into account all of the three effects mentioned above and the results
agree with the theoretical expectations. The summary of the results is given in
Table IV.3-6.

To create the yT-jump, two families of b t correctors are located next to ihe focusing
quadrupoles in the regular arcs. Tracking studies showed that the dynamical aperture is
large enough for the yT-jump exercise. The rms value of the bunch length at the crossing
of the transition energy is 26.5 cm and the momentum spread ±0.2%. For the purpose of
tracking studies, the required momentum aperture of ±0.5% was assumed.

To improve further the conditions for the crossing it is also possible, given the small
momentum spread of the beam, to speed up the acceleration rate y. The magnets will
continue to be ramped at the usual rate but the beam will be moved to one side of the
momentum aperture before the crossing of the transition energy, and then quickly
accelerated to the other side by jumping the rf phase to 90° and keeping the same rf
voltage. Computer simulations showed that indeed the beam bunch motion is stable in
this mode of operation.

During the acceleration stage the high frequency (160 MHz) rf system is operating
in the paraphase mode. A small remanant voltage nevertheless will be induced by the
beam in this system during the acceleration cycle. The effect is more pronounced at the
transition energy crossing when the bunches are shorter and the synchrotron frequency
vanishes. The bunch distortion resulting from the induced high frequency rf voltage
could be significant. Our estimates indicate that to avoid bunch area dilution and beam
losses the maximum tolerable voltage is 25 kV.
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Table IV.3-6. Crossing of the Transition Energy under the Effects of Space Charge, Wall
Impendance and Nonlinearities

phase space area
(eV-sec/u)

survival
rate Features

No space charge
no wall impedance
a , = -0.6

Space charge IZ/nl = 1.2 ft
O | - 0

Space charge IZ/ni = 1.2 ft
a , = -0.6

Inductive IZ/nl = 1.2 ft
a , = -0.6

Capacitive IZ/nl = 10 ft
c^ = -0.6

Inductive IZ/nl = 10 ft
a , = -0.6

YT jump (AYT=0.6 in 60 ms)
space charge IZ/nl = 1.2 ft
ttl = -0.6

YT jump (AYi^O.6 in 60 ms)
inductive IZ/nl = 1.2 ft
a, = -0.6

0.3

0.6

1-2

1-2

0.3

0.3

99% n o n - l i n e a r " ta i l " and
filamentation

100% bunch length mismatching
and tumbling

98% non-linear "tail", tumbling
and diffusion

non-linear "tail", tumbling
0 and diffusion

72% microwave instability and
diffusion

15% strong bunch length mis-
matching and kinematic
non-linearity

100% "clean" crossing

100% "clean" crossing
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v. Collective Effects
Beam-Beam Tune-Shift. The largest beam-beam tune-shift for a given number, Nh,

of particles per bunch occurs for head-on collisions. For a "round" beam in which the
emittances are the same in both planes and py = p^, the tune-shift does not depend on
the beam energy and is given in the limit of short bunches by

3ro NB Q2

A V° = ~2~ ^ "A"

where the classical proton radius r o = 1.535x10"' m and EN the normalized emittance for
95% of the beam.

The numerical results for the tune-shifts per crossing are given in Table IV.3-7 for
colliding beams of the same species. Note that for round beams the tune shift is
independent of P . The table shows the initial tune shift values, that is, for a normalized
emittance of 10 K mm-mrad. Also shown in the same table is NB, the number of particles
per bunch. As the beam dimensions increase due to intrabeam scattering the beam-beam
tune shift would decrease correspondingly. In the scenario where the initial emittance is
intentionally blown up to 60 n mm-mrad to reduce the rf voltage requirements during the
storage, the beam-beam tune shift is a factor six smaller and does not change appreciably
during a 10-hour period.

For crossing at an angle a and for longer bunches with <st, the initial tune-shifts are
smaller than those given by the above equation. The correction is expressed by the
equation

2
Av = Av0 — — -

l+(l+<7 )
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

K Qv Q2Nh2

Av, = —

where it is assumed that the two beams are "round" and have the same emittance.

Depending on the species involved, the tune-shifts are at most a factor 1.6 larger than

those in Table IV.3-7.
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Table IV.3-7. Beam-Beam Tune-Shift for Head-On Collision

Element

Proton
Deuterium
Oxygen
Silicon
Copper
Iodine
Gold
Gold

xlO9

100
100

f. "

5.6
2.7
1.5
1.0
1.0

ejn (mmmrad)

20
10
10
10
10
10
10
60

xlO"3

3.7
3.7
2.4
2.9
2.6
2.4
2.3
0.4

It is still not clear what is the largest tune-shift per crossing allowed. Based on the
experience of the CERN - SPS collider and, more recently, of the Tevatron I, it seems
that the beam-beam tune-shift is a soft parameter which can cause a reduction of the
luminosity lifetime in a hadron collider over periods of hours. There are no threshold
effects. It seems also that the real important parameter is the total tune-spread in each
beam resulting from the beam-beam interactions in all the crossings together, aad that
parameter should be kept to less than 0.02, provided a reasonable tune working point is
found away from troublesome high-order resonances. If this is the case, it is then
possible to provide fewer interaction regions but these with larger tune-shift per crossing.

It is also the present wisdom to avoid crossings at large angle which violates the
condition ao£ /2 S a^. It is suspected that the modulation of the beam-beam interaction
resulting from the large angle geometry could lead to a catastrophic effect on the
luminosity lifetime. It is because of this concern that, although the layout of the two
rings could allow large angle crossing up to 7 mrad, the study of the RHIC performance
was concentrated on head-on collision.

Microwave-Instability. The following tolerance applies for the longitudinal coupling
impedance in order to limit microwave instability within a single bunch:

where the peak particle current is given by

=

p
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Table IV.3-8. Longitudinal Coupling Impedance Limit at Top Energy

Element

Proton
Oxygen
Silicon
Copper
Iodine
Gold

E
(GeV/u)

251
125
125
115
104
100

(particle A)

8.0
0.51
0.34
0.17
0.092
0.062

aE/E

xlO"4

0.8
1.2
1.2
1.3
1.5
1.5

IZ/nl

(O)

2.0
9.1
7.7
9.4

11
12

The relevance of this relation has been discussed with respect to the transition energy
where TJ = Yj2 ~ Y2 vanishes and imposed a limit on the tolerable microwave coupling
impedance of a few ohms. The tolerable coupling impedance at the top energy where T| «
Yy is shown in Table IV.3-8. For all ion beams, including protons, the initial bunch area
is assumed to be 0.3 eVsec/u. The corresponding rms energy spread aE/E is given in the
table and the rms bunch length is Ge = 31 cm (24 for protons). At top energy the worst
case is for the proton beam which still nevertheless meets the tolerance criterion. During
the storage, the momentum spread will increase because of the intrabeam scattering
whereas the bunch length remains the same, so that the stability criterion will be met at
all times.

The formula we have used above for the longitudinal microwave instability is
derived from the coasting beam theory. It is valid provided that the growth rate of the
instability is larger than the synchrotron frequency which is the only case one can expect
to cause single-bunch instability.

A similar formula exists also for the single-bunch transverse microwave instability
that can be carried directly from the coasting beam theory. In this case the stability
criterion is11

/here Z± is the transverse coupling impedance. For a cylindrical structure the following
approximate expression, which relates Z± to the longitudinal coupling impedance, is
useful

K. Httbner and V.G. Vaccaro, CERN-ISR-TH/70-44 (1970).
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The beam bunch can be made stable either with a tune-spread 5v, which is effective
at low harmonics n, or with a spread in revolution frequency, which is more effective at
large values of n. The lowest value for this kind of instability corresponds to n = 2rcR/oe.
The worst case is again given by the proton beam for which the stability criterion gives
|ZJ < 3 M£2/m, corresponding to IZ/nl < 3 Q, which is still within reach. The tolerances
for the heavier ion species are at least a factor of two larger. Moreover, note that a
significant contribution can be expected from the tune-spread that can be as large as 0.01
depending on the beam emittance and energy, octupole strength and magnet non-linear
imperfections (without taking into account the spread from the beam-beam interaction).
All these effects will considerably widen the range over which the stability condition is
satisfied.

Coupled-Bunch Instabilities. Calculations were done to investigate coupled bunch
instabilities by using primarily the ZAP code.12 Contributions to the coupled impedance
were taken to arise from space charge, resistive wall, broad band, and higher-order
parasitic cavity modes. Investigations were carried out for the case of gold ions at both
injection and at final energy. For the former case the design harmonic 342 rf system
consisting of two cavities, each providing 150-200 kV, was used. At the final energy
both the ft=342 system and the 160 MHz system were taken simultaneously. Higher order
modes were obtained either with a run from ORMEL or from scaling with known
equivalent rf systems.

At injection no serious problems are found with the transverse oscillations. In
absence of Landau damping the growth rate of the instability can be expected to be 43
sec" for a vacuum chamber of stainless steel and of 1.3 sec" for a cold copper-coated
chamber (25 (J.m thickness). This transverse instability is indeed caused by the wall
resistivity whereas the other vacuum chamber components, including the parasitic modes
in the cavities, have a negligible effect. A spread in the betatron tune is required for the
beam stability which is 0.05 for the stainless steel vacuum chamber and of only 0.0015
for the copper-coated one. Unfortunately at injection the situation in the longitudinal
plane is different. Strong longitudinal bunch-to-bunch instabilities can be expected
because of the practical absence of Landau damping. At worst, a growth time of 60 msec
has been calculated mainly caused by the parasitic modes in the two h=342 rf cavities.
Moreover the growth time can be reduced by a factor of ten if accidentally a major
parasitic mode should coincide exactly to an integral multiple of the revolution

M.S. Zisman, "Summary of Working Group on Collective Instabilities", Proc. Workshop on the RHIC
Performance, BNL 41604 (1988).
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Table IV.3-9. Performance Limitations Scaling with Ion Species

Element

Proton
Oxygen
Silicon
Copper
Iodine
Gold

xlO9

100
8.3
5.6
2.7
1.5
1.0

'el
(mA)

71
48
56
56
56
56

A/B Q2/A

xlO9

100
33
39
35
33
32

iVB (Q2IA)2

xlO9

100
133
274
481
734

1000

frequency. Thus, special care is required in controlling the spacing between the parasitic
modes and in running between them. For satisfactory operation a feedback system which
matches the growth time of at least 60 msec is required.

The situation at higher energy, at the end of acceleration, before the 160 MHz rf
system is turned on, is improved over the results seen at injection. The growth times for
the transverse instability are an order of magnitude larger and the real frequency shifts
are down significantly. In fact, stabilization can be easily achieved with a tune spread of
less than 0.001. The behavior in the longitudinal plane though remains unchanged, with
growth rates similar in magnitude to those at injection, due again primarily to the
parasitic modes in the h=342 rf system. The ratio of the bunch area to bucket is still too
small to provide adequate Landau damping and there is a need of a longitudinal active
damper.

During the storage mode no transverse instabilities are expected also taking into
account the parasitic modes in the 160 MHz rf system. A tune spread of 0.001 is
adequate to provide stabilization. Because during the storage the beam bunches fill
entirely the high frequency rf buckets all possible longitudinal instabilities, especially
those that arise from the parasitic modes, are effectively damped by the available
synchrotron frequency spread. The tolerance on the longitudinal coupling impedance Z/n
has been found to be 5 Cl in all cases.

Summary of the Dependence on the Ion Species. Table IV.3-9 summarizes the
information on collective effects. Assuming the number NB of particles per bunch on
which the design is based, the average electric current iel is given. There is less than a
factor of two between protons and gold, which is very important for estimating beam
loading of the rf system.

In Table IV.3-9 the quantity NB(Q2/A) is also listed. This parameter 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 up to gold have about a comparable factor.
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Finally, the quantity NB(Q2/A)2, which is a measure of the intrabeam scattering is
listed. The effect is very strong for gold and reduces considerably for lighter ions down
to protons.

Beam-Wall Coupling Impedance. A computer model ZOVERN has been prepared to
estimate the longitudinal coupling impedance for RHIC. This code takes into account the
beam energy and dimensions, the vacuum chamber dimensions and circumference and
the ingredients describing the several vacuum chamber components like resistivity of the
wall, bellows, beam monitors, vacuum chamber steps and rf cavities. Space-charge and
free-space contributions are also calculated. The results for different y-values are shown
in Fig. IV.3-10 assuming the case of a stainless steel vacuum chamber with a 0.1 mm
copper coating. At low injection energy, y = 12, the space charge gives the largest
contribution and the imaginary pan of Z/n is capacitive and about 10 Q. At top energy
where y = 100-250, the wall components are dominant and the imaginary part of Z/n is
inductive with only few ohms of magnitude. Somewhere in proximity of the transition
energy, y = 25, the space-charge contribution cancels the inductive wall and it is
expected that Z/n is purely a resistance. Except for the very low harmonics, the real part
of Z/n is always less than one ohm and independent of the beam energy. Figure IV.3-11
corresponds to the case of a stainless steel vacuum chamber with and without copper
coating and it is displayed to show that, indeed, the coating helps to reduce the
magnitude of the resistive part of Z/n. The impedance contribution of the 160 MHz rf
cavities is not included in the curves of Figs. IV.3-10 and 11. These cavities will be
designed with an R/Q ~ 125 Cl each thereby limiting their total low-frequency Z/n
contribution to a value of less than 1 £2.

There are three contributions to the transverse coupling impedance:
(i) transverse modes due to the irregular geometry of vacuum chamber components

as well as parasitic modes of rf cavities and cavity-like objects. These modes are difficult
to estimate and can only be measured either on a bench or with the circulating beam;

(ii) According to the deflection theorem there is a relation to the longitudinal
coupling impedance given by

7 2RZ
Z, = — —

with R the machine radius and b the vacuum chamber radius. For RHIC this translates to
ZL = 1 Mft/m for Z/n « 1 Q.; and
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Fig. IV.3-10. Longitudinal coupling impedance, Z/n, versus mode number n. Copper coated
beam tube.
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(iii) The space-charge contribution

which is largest at injection and decreases with the beam energy like y"1. At injection
where y=12 and the transverse beam half size is a ~ 5 mm one finds Z± = 64 MQ/m.

10
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1 I I

SS BEAM TUBE X s 250

Cu-COATED

CUT-OFF
f ,

10
MODE NUMBER

3

Fig. IV.3-11. Longitudinal coupling impedance Z/n versus mode number n for stainless (top)
and copper plated (bottom) beam tube.
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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. In addition, other scattering processes will cause
beam loss or emittance blow up, and have to be considered. Nuclear scattering between
the ion beam jid the residual gas establishes the vacuum specifications. Beam-beam
interactions due to nuclear scattering, Coulomb dissociation, and capture of electrons
from pair production will result in beam loss and luminosity reductions. Beam loss due
to the Touschek effect (wide angle Coulomb scattering within a bunch) was estimated to
be small compared to these effects. Estimates of reaction rates and resulting total beam
half life is summarized in Table IV.3-10 where the initial luminosity for head-on
crossing (Table IV.3-1) is used. The actual beam half life will be longer because the
average luminosity is smaller as it has been discussed earlier.

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

Xl = " 7 ft = Pc s s "« °b* '
where n is the density of the residual gas, Cb is the total cross section for the reaction
between the beam and the gas nuclei. At relativistic energies, abg is equal to the
geometrical cross sections,

Cbg = K(1.25 (A™ + ag
/3))2 x 10-26 cm2 .

In terms of the gas pressure P at 300 K, the residual gas density is n = k P
where k = 3.22xlO16 molecules/cm3 Torr.

Assuming the gas composition to be 45% H2, 45% He, 5% N2 and 5% CO, the loss
rate Xt is listed in Table IV.3-10 for a total pressure P = 10"10 Torr. The corresponding
pressure in cold sections (at 4.2 K) is 1.4xl0-1 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 emittance will grow through elastic scattering with the residual gases. Assuming
pure Coulomb scattering, the small angle Rutherford scattering cross-section is

TT =871

14G. Young, "Collider Vacuum Requirement", RHIC-PG-11 (1983).
T.S. Chou and H. Halama, private communication.
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Table IV.3-10. Initial Reaction Rate X, = -Jf1 d//dt and Total Half Life of Particle Beams for
Head-on Collisions

Beam

P
0
Si
Cu
I
Au

Beam-gas
nuclear
reaction

@ 10'10 Torr

xlO"3/h
0.15
0.37
0.54
0.76
1.08
1.37

Beam-beam
nuclear

A

A on A

xlO~3/h
2.4
5.5
5.4
4.1
1.1
2.8

reaction

'2

p on A

xlO~3/h
2.4

32.5
42.5
62.3
29.2

102.3

Beam-beam
Coulomb

dissociation
X,3

A on A

xlO"3/h
—
—
—

0.55
4.6

20.7

Beam-beam
Bremsstrahlung

electron pair
production

K
A on A

xlO"3/h
—
—
—

0.12
4.6

31.6

Initial
Half
Life

A on A

h

272
118
117
125
61
12

where we disregard the spin, and the laboratory reference frame to center-of-mass frame
transformation. The mean square dispersion of a scattering process becomes

2 9"

min

where 8min and 8max are the minimum cut off angle due to atomic screening and the
maximum cut-off angle due to the finite size of charge distribution respectively. At high
energy, 9 ^ and 8max are given by 9max = fi/pR; 8min = fi/pa respectively, where p is the
momentum, R is the nuclear radius and a = 1.4 a 1 Z^1/3 tifmtc is the atomic screening
radius in the Thomas-Fermi model and a is the fine structure constant. The mean squared
angular dispersion per unit time is therefore given by

df

where ng is the number of residual gas molecules per unit volume. Assuming the gas
composition as above, we obtain

d(e2) 5.9 o , t , ,
lL = — x 1(T9 rad2/h = 5.1xl(T13 rad^/hat

for a gold beam at 100 GeV/u. The rms betatron amplitude increment in the arcs is 0.08
mm after 10 h of operation. Also note that the blow up rate is insensitive to the beam
species.
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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

. 1 d/

^ s " 7 i a ( 6 L Gbb) / 5 "B

where 6 intersecting regions with luminosity L and a beam-beam nuclear reaction cross-
section abb between particles has been taken. Using the luminosity of Table IV.3-1 for
head-on collisions, one finds the loss rate X2 listed in Table IV.3-10 for A-A collision
modes (e.g., Au on Au, I on I, etc.) or for p-A collision modes (e.g., p on Au, p on I, etc.)
respectively.

It is to be noted in Table IV.3-10, 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 X, and X2, one is led to conclude that a pressure of P — 10"11

Torr is essential to reach a clean background in the intersecting experimental area.
Coulomb-dissociation of high Z nuclei. Recent experiments at the Bevalac show that

the cross-sections for single nucleon breakup reactions are large at relativistic heavy ion
energies.15 The phenomenon is due to the Coulomb excitation of giant dipole states,
which subsequently decay via nucleon emission. Extrapolation of the most recent
experimental results from Berkeley indicate that the Coulomb-dissociation cross section
for Au on Au is of the order of 30 - 60 barns at energies 10 - 100 GeV/u. These
extrapolated cross sections will be known more accurately from the AGS heavy ion
program and verified experimentally in the Collider.

Using the extrapolated cross section (60 bams for Au on Au), one calculates the
beam intensity decay rate to be, for the case of 6 identical crossings with luminosity L,

JL = - - — = (6 L cCD)/B N» = 19xlO"3/h .I dt ' a

Using a dipole sum rule, the Coulomb dissociation cross-section can be shown to be
proportional to Zj Z^3. With this result one calculates the extrapolated Coulomb-
dissociation reaction rate in column X3 of Table IV.3-10 for A-A collision modes.

Bremsstrahlung pair production and subsequent electron capture. An interesting
process which can appear in RHIC is the reaction16

Au79+ + Au79+ -> Au79+ + e+ + (e~ + Au79+) ,

M.T. Mercier, J.C. Hills, F.K. Wohn and A.R. Smith, "Electromagnetic Dissociation of 19?Au by
^elativistic Heavy Ion", Phys. Rev. 52, 898, (1984).

5.Y. Lee and J. Weneser, to be published.
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where the electron from the Bremsstrahlung pair production is recaptured into the
electron orbit of the colliding nuclei. Two independent calculations have been completed
in order to reliably estimate the capture cross section. '' Each of these calculations is
based on second-order perturbation theory for the pair production and electron capture
process. In Fig. IV.3-12 the results of brute force Monte Carlo calculations are shown as
a function of energy.17 For Au on Au at 100 GeV/u collider energy, the capture cross
section is seen to be 140 barns (70 barns for each of the intersecting beams). As a
comparison, the Weizsacker-Williams (W.W.) approximation to the production and
capture process gives 160 barns (80 barns for each intersecting beam). Assuming that the
W.W. formalism represents a simple upper limit on the magnitude of the capture cross
section, and allowing a 25% increase in the cross section for L, M shell capture, we
assign 100 barns for the capture cross section in one of the beams. With this value one
obtains the reaction rate of X4 = 0.032/h, which is shown in Table IV.3-10.

o

Fig. IV.3-12. Capture cross section for electron as function of beam energy. X is Compton
Wavelength for eiec:ron (386 rin).

M.J. Rhoades-Brown, C. Boucher and M. Strayer, submitted to Phys. Rev. A.
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Because of the Bremsstrahlung of virtual photons in the atomic collision process,
the energy loss can be estimated by integrating the inclusive W.W. spectrum, i.e.,

AE - l/(co) do, = 2- z\ a

where bmin ~ aBohr = Z^1 of1 filmic. Thus the relative energy loss is given by

2 , , 0.6811 me
- Zl a2 —

2 197

where mN =931 MeV/c is the atomic mass unit. For Au ion, we obtain AE/E »
3xlO"5, which is small compared to the bucket size (- 2xlO"3 at y = 100).

Remarks on beam life time. In the presence of intrabeam Coulomb scattering, the
phase space density of the bunch will be diluted. Since the beam lifetime limiting effects
discussed here depend on the beam dimensions, the actual beam lifetime will be longer.
An approximate analytical expression for the time dependence of the beam intensity was
derived

where A,o is the initial reaction rate and A is the average emittance blow up rate, assumed
to be constant

A . 1
eN dt

Analysis of the intrabeam Coulomb scattering in the case of gold gives A = 0.15/h which
is much larger than the XQ values in Table IV.3-10. 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.
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vii. 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 impinges,
therefore, on the time averaged luminosity of the facility. It affects also the normal
operation of the AGS, since that machine serves as panicle source for RHIC. Filling
RHIC with fresh beams may take over hundred AGS cycles, depending on the mode of
operation, e.g., as many as necessary to fill 57 buckets in RHIC plus a few for diagnostic
purposes. One expects that normal AGS operation will be interrupted for some 5-15
minutes every 10 hours or so, at scheduled times. However, the cycle time of RHIC that
maximizes its time averaged luminosity depends upon the particle species and the
energy; it will be longer than 10 hours for light ions at high energy and shorter for heavy
ions at low energy, thus the perturbation in AGS operations caused by the former will be
small while the effect of the latter may be severe.

The beam replacement proceeds in a sequence of steps: the existing circulating
beam is discarded, the various magnet excitations and the rf are reset for filling, filling
occurs, the fresh beams are accelerated to the desired energy, the optics in the insertions
are adjusted to provide the desired experimental conditions in terms of (3 values,
crossing point locations and crossing angles and finally the beams are made to collide by
adjustment of the rf phases and the closed orbit bumps at the 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 10 minutes. 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. It is worth noting that the filling process is largely independent of
the ion species and of the choice of operating energy. Some critical steps in this process
are discussed below.

One step is to restore the magnets of RHIC and of the transfer line between the AGS
and RHIC to some reproducible reference condition 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. This task is of sufficient
importance to warrant a somewhat detailed description. Assuming that the transfer line
and RHIC have reached a stable state, and that the AGS's rf system is phase locked with
RHIC's whenever bunches are extracted from it, a pilot bunch can be transferred. That
bunch is nearly certain to circulate in RHIC unobstructedly if tolerances and apertures
have been chosen appropriately, but it will execute coherent synchrotron and betatron
oscillations with amplitudes and phases that are determined by various errors.
Measurement of its transverse position and its phase relative to the accelerating voltage
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on successive revolutions, by means of beam position monitors (BPMs), yields sufficient
information to determine the location of the synchronous closed orbit, and the
amplitudes and phases of the coherent synchrotron and betatron oscillations. One obtains
also fairly accurate numbers for the frequencies and frequency spreads of these motions.
Repeating the exercise a number of times one is likely to find that the amplitudes and
phases vary from bunch to bunch in response to random errors in the beam transfer
process, but that the frequencies and frequency spreads remain unchanged to the extent
that the field distribution in RHIC is constant. The amplitude and phase data can be
manipulated to yield parts that are independent of time and random parts. The former
repeat from transfer to transfer and are caused by dc offsets, misalignments, etc.; the
latter do not, and are caused by random errors, as may occur in kicker and septum
magnet excitations, and during the AGS extraction process. The dc components of the
errors can be made comparable to the resolution of the measurement system by
adjustment of the appropriate parameters. Using BPMs with rms resolutions of - 0.1 mm
one expects that number also for the average amplitudes of the coherent motions; this is
small enough to be considered negligible and leaves all of the available margin for the
random errors. At least two BPMs are needed for this, one each for the horizontal and
vertical directions.

Analysis of RHIC itself requires a BPM at least at every focusing quadrupole.
Correlating the results from all BPMs for a single bunch provides in a few tens of
revolutions the instantaneous closed orbit, relative values for fi, the betatron phase
advances between any pair of BPMs for the same plane, and the phase advance around
the ring. Continuing the observations during at least half a synchrotron period one finds
the synchronous closed orbit and values for the horizontal and vertical dispersion
functions and for the synchrotron phase advance per turn. The location of a bunch in
transverse phase space can be measured using two pairs of BPMs, separated by a known
transfer function, one pair for the horizontal, the other for the vertical direction.
Generally the transfer function is not perfectly known because the path between the sets
of BPMs lead through magnets whose properties are not perfectly known. The transfer
function for a drift space of known length is known. Each RHIC insertion contains 5 drift
spaces that are long enough to serve the purpose: the 20 m long crossing region, the 44 m
long space between Q3 and Q4 and the 20 m long space between Q8 and Q9. With a
BPM resolution of the order of 0.1 mm one finds the transverse bunch coordinates in the
midpoints of these spaces with resolutions of the order of 70 |im and 4 |irad, resp 2 (irad.
This is only 20% of the smallest expected dimensions of the bunch. The results of these
measurements can be used to calculate the transfer functions between the centers of long
drift spaces, e.g., those for the individual arcs, or across individual insertions. Such
calculations yield absolute values for a and p\ the latter can be used as calibrations for
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the relative |J measurements described above. Continuing the measurements in a
particular long straight for a number of turns one finds the bunch's successive locations
in 4-D phase space. These points should lie on a common closed surface which
represents the Hamiltonian of the bunch's center of charge. Approximating the
Hamiltonian with an ellipsoid one needs at least 9 points to determine its dimensions and
the location of its center. The orientation of the symmetry planes of the ellipsoid relative
to the (Jt,jcl,v,y') coordinate system of the machine describes the various linear coupling
factors between the horizontal and vertical components of the motion. The increase in
precision that results of an extension of the measurements over more turns than the
minimum necessary and the opportunities for higher order approximations and other
mathematical gymnastics do not have to be belaboured here. Since this whole exercise
can be repeated for each new pilot bunch the net error margin for the measured machine
parameters should be quite small. Effects of higher order than the linear ones considered
so far can be measured by using pilot bunches with intentional coherent betatron and/or
synchrotron errors. Such errors can be induced by, e.g., intentional misinjection, kicking
the bunch radially or vertically, jumping the rf phase, etc. The control computer executes
this calibration process automatically, taking a few AGS pulses and perhaps a minute per
ring to do so.

The next step is to fill the appropriate buckets in one of the two rings with bunches
of the wanted ion species, "boxcar" fashion, preferably one bunch at a time. The
behavior of each newly injected bunch is monitored. Measured errbrs in injection
parameters are used as required to update the settings of AGS extraction and RHIC
injection equipment. The errors themselves are corrected by fast analogue feedback. The
process stops when all allocated buckets have been filled. At that time the field
distribution in the ring is as close to the reference distribution as it can be made to be
with the available correction magnets, 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 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 second one. Filling the second ring 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 BC1 magnets in the insertions. It appears
necessary that BZ/A, the product of the magnetic field and the charge over mass ratio, be
the same in homologous 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. Bin is close to



the lowest practical B available and cannot be chosen lower by the factor ~ 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. The beam in this ring is
accelerated until (BZ/A)X = 5inj (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 to 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 stopped by
reducing the various B's to zero. This is done adiabatically on the time scale of the
synchrotron oscillations so that the rf system and the bunches have time to adjust. Once
the machine has settled down the closed orbit and the distributions of betatron and
synchrotron frequencies are measured, the latter two by frequency analysis of the beam
signal. The closed orbit is corrected by adjustment of rf frequency 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. Only experience will tell to
what extent these (automatic) corrections are useful or necessary in routine operations.
However, they require little time (a minute or so) and the necessary equipment will 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
betatron 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
parameter changes associated with a particular step are calculated in advance and
implemented simultaneously and adiabatically on the time scale of the betatron motion.
It is intended to rely on reproducibility in all aspects of machine operation. Using this
one can develop the program of changes in advance and try it in a machine set-up
session. The accuracy of the computer simulation will increase eventually, because of the
feedback from experimental data, to the level that individual users can be allowed to
adjust their crossing point conditions to their requirements at any time during data
taking.

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
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switched quickly enough from protons to heavy ions, it will be possible to perform the
injection adjustments for RHIC with proton pulses 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 require certain improvements in the power supply systems for the AGS and Booster.

viii. Future Improvements
The design of RHIC which is described in this proposal is conservative in the sense

that a decision was made to guarantee the desired interaction length rather than to
maximize the luminosity. This approach has the advantage that the RHIC design will
allow luminosity improvements in the future. A period of operation, during which basic
experimental information about the machine parameters is acquired, should clarify how
to improve the integrated luminosity, for example. However, even now there are some
ideas which show, in a general way, how improvements might be made. Improvements
beyond the design luminosity by about a factor of 10-20 for both heavy ion and proton
beams is considered possible.

Our design is based on a current of 200 uA from the Tandem, which matches the
optimum injection energy into the Booster of -1 MeV/u for Au ions. Ion source experts
feel that it may be possible to produce as much as 400 uA of heavy ions. Currents in
excess of 500 u,A have already been demonstrated for ions such as C. With this current
an added acceleration section, a Linac for example, would be needed to inject Au ions
into the Booster at ~ 1.7 MeV/u, 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 luminosity, especially for the heaviest ions. Nevertheless even with
the present 200 \iA source at the Tandem it seems there is a possibility for an increase by
a factor two of the total number of ions that can be stored in one bunch for RHIC. This
would then yield an increase of a factor four in the luminosity. No significant
consequences are expected for the intrabeam scattering because of this intensity increase.
Clearly the limits on the longitudinal and transverse coupling impedance are also
lowered by a factor two, which is still within reach. No major impact is foreseen on the
beam stability against coherent oscillations due to the doubling of the bunch intensity.
The beam-beam tune-shift also increases by a factor of two, but this could be coped with
by allowing fewer colliding regions and by separating the beams in the regions where
collision is not required.

The luminosity can also be increased by an increase in the number of bunches in the
ring. The day-one design objective calls for 342 rf buckets at injection per ring of which
only every 6th one, for a total of 57, will be carrying a bunch. This choice permits a
maximum switching time of about 190 nsec, about the length of five buckets or rf
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periods. If it is made sufficiently shorter, more buckets could be filled. However, there
are three restrictions. 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. The second restriction is that the
harmonic number of the rf system for the storage mode (/i=2052) must be an integer
times the total number of bunches, if these have to be equally spaced. The last 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 BC1 magnets on
each side of the crossing points. They are physically separate at some 11.50 m from the
crossing point under colinear conditions, therefore requiring a particle-free space SB > 23
m. This can be relaxed, if necessary, by accepting a finite crossing angle or by moving
the BC1 magnet somewhat closer to the crossing point. Doubling the number of bunches
gives the maximum kicker rise time 95 nsec allowable for filling every 3rd bucket
thereby doubling the luminosity. Note that intrabeam scattering is unaffected by this
procedure. However, the average beam current would be doubled and so would the total
energy stored in the beam. The filling time would also increase linearly with the total
number of bunches. It is the intention to install on day-one an injection kicker with 95
nsec rise time but limit the number of stored bunches to 57 in view of constraints due to
the beam dump and AGS operational requirements.

The design of RHIC makes use of two rf systems, one for acceleration at the
harmonic number fc=342, and the other at much larger frequency (160 MHz) to keep the
bunches with a short and constant length during the storage. One scenario has been
developed where, in order to save cost, the maximum allowed rf voltage in storage mode
is initially 4.5 MV. Subsequently, based on the experience acquired with the operation of
the collider, more rf cavities can be added for a maximum voltage of 11.5 MV as
required for the case of Au ions which is the most demanding to cope with intrabeam
scattering. With the rf voltage increased the average luminosity is then expected to also
increase by a factor of three.

Protons are a special case. For example, at the level of 1011 protons per bunch, intra-
beam scattering has little effect. The number of protons has been limited to 10u per
bunch in order to keep the beam-beam tune shift at a reasonable value, although 1012

protons per bunch are currently available at the AGS. In this proposal, the peak
luminosity for proton-proton collisions is ~1031 cm^sec"1. It should be possible to
increase this to ~1032 cm'^sec'1 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
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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.

For the case of proton beams, because of the reduced effect of intrabeam scattering,
there is more aperture available and it is then possible to increase the maximum value of
P in the insertions to 2400 m still satisfying the 60 aperture requirements.
Correspondingly (5* can be lowered to 0.5 m without the modification of the lattice and
preserving the ±10 m magnet-free colliding region drift. However, this mode of
operation requires a significant widening of the power supplies range for tiffedinsertion
quadrupoles. Another possibility which has been also investigated is to reduce P further
down to 0.25 m, a value which is optimum to match the rms bunch length of 31 cm, by
adding a few more quadrupoles for a mini-beta configuration leaving only ±5 m to the
experimental area. These very low-beta modes of operation of the lattice require further
investigation especially concerning the chromatic behavior.

Stochastic Cooling. The emittances of the beams circulating in RHIC must be
expected to increase with time, primarily due to intrabeam scattering. The luminosity
will decrease accordingly and the luminosity lifetime will be limited. During the last
decade stochastic cooling has been developed into a practical means for reducing beam
emittances and momentum spreads without loss of particles. Used m RHIC its function
would be to control the emittance and momentum spread growth so as to keep the beam
dimensions well within the magnet aperture and the bucket height and to lengthen the

1 ft

luminosity lifetime. One expects 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.

There are three major benefits one acquires with the use of stochastic cooling. The
first, most immediate and important, is to reduce the total amount of rf voltage required
in the storage mode. As a result of intrabeam scattering for the case of Au ions, one
needs 11.5 MV for maximum luminosity. Since this system is too expensive a
compromise is made of installing on ds>-one an rf voltage of only 4.5 MV and reducing
the average luminosity by a factor of three. Since the rf voltage needed is proportional to
the square of the bunch momentum spread it follows that the full luminosity performance
can be recovered with only 4.5 MV if momentum stochastic cooling can be applied to
keep the final momentum spread to 60% of the value otherwise obtained without. Our
estimates show that to achieve this one needs a cooling time of TL = 9 h. Intrabeam
scattering simulations have been carried out including also a constant momentum cooling
rate. The results are shown in Fig. IV.3-13, where the maximum rf voltage is given for

S. van der Meer, "Stochastic Cooling in RHIC", RHIC-AP-9 (1984).
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each value of cooling rate. In all these calculations the initial bunch area was taken to be
0.3 eVsec/u, and the initial normalized emittance 10K mm-mrad in both planes. With
momentum cooling on, the final momentum spread decreases with the cooling rate
increasing, and consequently, the required rf voltage also decreases. The interesting
feature is that the emittance growth does not change much with cooling rate, and the
final value is the range 35-45rc mm-mrad.
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Fig. IV.3-13. Growth in energy spread with time with longitudinal cooling.
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The next obvious step is the inclusion of betatron stochastic cooling. The results of
intrabeam scattering calculations with constant cooling rates are shown in Fig. IV.3-14,
where the beam dimensions are given at the end of a 10-hour period, assuming the same
initial dimensions as before. Notice first that the behavior of the bunch momentum
spread is very sensitive to the longitudinal cooling rate and does not depend much on the
betatron cooling rate. The opposite seems to be true for the beam emittance. A
reasonable set of cooling rates is x^1 = 0.16 h" for the momentum and ijl =0.1 h"1 for
the betatron cooling, in which case only 4.5 MV rf voltage is required and the beam
emittance will grow from 10 to 1771 mmmrad mostly during the first two hours. Thus the
second advantage of stochastic cooling is an increase of the average luminosity of at
least a factor three with only momentum cooling and of a factor 4-5 with betatron
cooling added.
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Fig. IV.3-14. Beam growth with transverse cooling and longitudinal cooling.
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The third benefit can be obtained by raising both cooling rates further so that in
principle one needs an rf voltage to provide a bucket large enough to surround the bunch
area at all times less than 4.5 MV. If simultaneously the rf voltage is maintained at
higher level then a shorter bunch length and consequently a shorter interaction length can
be achieved.

Finally, it should be noticed that the equilibrium distribution may not be normal
because the scattering occurs primarily in the dense centers of the beam bunches, while
the damping is particularly effective for their less dense outer layers. It follows that
damping may also be useful to 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 affected by
inrrabeam scattering. A system bandwidth of several GHz with a total power of a few
hundred watts is believed adequate and good signal-to-noise ratios are expected.
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IV.4. Magnet System

i. Overview
The RHIC magnet lattice is designed to fit 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/u with either equal or 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 superconducting magnets are optimized for heavy ion (in particular
197Au) operation with beam energies between 30 and 100 GeV/u. Operation above 100
GeV/u corresponding to 3.45 T in the arc dipoles 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 quality, reproducibility,
and long-term reliability. Existing technology is being used for the magnet design and
construction, measuring and analysis procedures, cooling method, quench protection,
instrumentation, and quality control standards. Improvements that are developed and
tested during the present R&D phase are being incorporated into designs and fabrication
methods.

The dipole magnets have laminated iron yokes of circular cross section. The single-
layer coils, made of Rutherford-type superconducting NbTi cable, are wound to closely
approximate an ideal "cosG" current density distribution. Magnets of the cos0 type have
been chosen for the SSC project, and a number of R&D magnets for the SSC and for this
project have been built at BNL and successfully tested. Earlier implementations of the
cosG design were the Tevatron at FNAL, the CBA project at BNL, and the HERA project
at DESY. The RHIC magnet design incorporates several features which set it apart from
that of other superconducting accelerator magnets, e.g., those for the Tevatron, HERA,
or the SSC. It has a relatively large bore (80 mm) to accommodate the emittance growth
associated with intrabeam scattering, a modest operating field (3.45 T), a single layer
cosine-theta coil, an iron yoke assembled as collars, a copper-plated bore tube and no
internal trim coils. The effective magnetic length of the arc dipole is 9.46 m.

Single-layer coils suffice to provide the necessary field in most of the magnets,
except in the special high-field, large-aperture dipoles (BC1) and intermediate-aperture
quadrupoles (Ql, Q2, Q3) required for the insertions, where two-layer coils will be
necessary. The 6-o'clock injection/ejection region is a special case and will be described
separately.

In the two rings of the collider, there are 372 dipoles, 492 quadrupoles, 288
sextupoles, 24 skew quadrupoles and 492 magnets for correction of field perturbations.
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Most of the dipoles are in the arcs and have an effective length of 9.46 m with a coil
inner diameter of 80 mm. The arc quadrupole magnets have an effective length of 1.13 m
and the same coil inner diameter of 80 mm. Lengths of the insertion magnets differ to
meet specific design requirements. The dipoles are curved with a bending radius of
243 m, except for BC2 which is curved to 307 m and BCl which is straight. If the arc
dipoles were not curved, their aperture would have to be increased by the sagitta of
46 mm, increasing their cost considerably. The heavy ion beams require a "good field"
aperture of about 64 mm, within which total field perturbations may amount to no more
than 0.02%.

The magnet is defined to consist of the cold mass and its cryostat. Magnet R&D for
RHIC has concentrated in the last few years on the arc dipole magnets. The development
of such magnets with the required characteristics has been quite successful and a tested
design that is suitable for machine use is now at hand. Proven features include a suitable
superconducting cable, the cold mass field level and field quality, its length and
curvature, and a suitable cryostat and method of cold mass support. Ongoing R&D will
include further testing to verify the design to prepare for industrial production and to test
the magnet's performance in a systems environment. In addition to the dipole magnet
R&D, there has been substantial progress in the development of quadrupoles, sextupoles
and correctors for the arcs; the development of quadrupoles is largely completed and
initial sextupole and corrector magnets are being built and are approaching the testing of
their design.

At BNL, many facilities are available for magnet construction. Included are super-
conductor wire and cable measuring equipment, coil winding and curing fixtures, large
assembly areas, and a complete cryogenic measuring installation, backed by highly
developed data reduction and analysis capabilities. Nevertheless, industry is expected to
carry out the bulk of the magnet construction effort for the machine.

One possible scenario for magnet construction would be that the required supercon-
ducting cable will be procured and tested by BNL, and that the coils will be built at BNL
using the existing tooling from the R&D program, existing CBA tooling, and a modest
complement of new tooling. Completed coils will then be shipped to industry, where
they will be fabricated into completed magnets for shipment back to BNL. At BNL, these
magnets will be cryogenically tested and installed into the tunnel. In order to assure
uniform properties, the magnet iron will be procured by BNL for shipment to industry;
there it will be punched into the shapes required for the magnets. It is expected that
virtually all the magnets will be built in this way, although a few of the large aperture
insertion magnets may be built completely at BNL because of the special tooling that is
required for their construction. This scenario takes maximum advantage of the capabili-
ties of industry for the mass production of hardware while retaining control at BNL of
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the critical coil assemblies in the most cost effective way. Quality control and assurance
will be a foremost objective in this joint laboratory/industry effort.

The following sections describe in more detail the various technical aspects of the
magnets. A magnet construction schedule is also given. Cost estimates are included in
the last chapter of this report.

ii. Magnet Inventory
The majority of the magnets are contained in the regular arcs; these as well as the

insertion magnets are enumerated in Table FV.4-1. The insertion magnets are discussed
in more detail in Section IV.4-ix. Figure IV.4-1 shows the layout of a regular arc half
cell; each ring contains 144 such half cells, or 24 half cells in each of the six 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 dipole, one quadrupole, a sextupole, a
correction package, a beam position monitor and other smaller components. Except for
the correction packages, the magnetic components in all half cells are identical. These
components are individually described in detail below. A summary of the RHIC dipole
and quadrupole parameters is given in Table IV.4-2.

BEAM POSITION MONITOR

SEXTUPOLE

QUADRUPOLE

CORRECTOR

Fig. IV.4-1. Layout of an arc half cell.
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Table IV.4-1. RHIC Magnet Inventory

Regular Arc Components

Dipoles 288
Quadrupoles 276
Sextupoles 276
Correctors 276

Insertion Components

Standard Aperture (8 cm) Magnets
Dipoles (BC2, BS1, BS2) 72
Quadrupoles (Q4-Q9) 136
Sextupoles at Q9 12
Correctors 136

Intermediate Aperture (13 cm) Magnets
Quadrupoles (Q1-Q3) 72
Quadrupoles (2 ea: Q4I, Q6I, Q8I, Q8O) 8
Correctors 80
Skew quadrupoles at Q2 or Q3 18

Large Aperture (17 cm) Magnets
Dipoles (BC1) 12
Correctors 12

Totals

Dipoles 372
Quadrupoles 492
Sextupcles 288
Correctors 504
Skew quadrupoles 18
Total magnets 1674
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Table IV.4-2. Summary of RHIC Dipole and Quadrupole Parameters

DIPOLES

Subtotal, 80 mm

QUADRUPOLES

Subtotal, 80 mm

Subtotal, 130 mm
Total, dipole and

Bore
(mm)

80

80
80
80

170

80

80
80
80

130
130
130
130

quadrupole

Eff. Length
(m)

9.46

5.46
3.57
4.40

3.30

1.13

0.90
1.35
1.49

1.18
1.41
1.71
2.41

magnets

Field
(T; T/m)

3.45

3.45
3.45
2.73

4.63

73.8

73.8
73.8
73.8

57.4
57.4
57.4
57.4

Coil
Layers

1

1
1
l

2

1

1
1
1

2

2
2
2

Coil
Turns

32

32
32
32

113

16

16
16
16

57
57
57
57

Location

ARC
BS2
BS1O
BS1I
BC2

BC1

ARC
Q8
Q6.Q9
Q4,Q7
Q5

Q3,Q6I@6f

Q1,Q8I&Q8O@6+

Q4I@6+

Q2

Number

288
24
12
12
24

360
12

276
20
46
46
24

412
26
28

2
24
80

864

6 o'clock insertion
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iii. Arc Dipoles
The dominant component in the arcs is the dipole. The design chosen1 uses NbTi

superconducting cable in a single-layer cos6 coil (Fig. IV.4-2) to generate the moderate
(3.45 T) operating field. The cross-section of the dipole coil and its support is shown in
Fig. IV.4-3. Both the beam pipe and the iron return yoke are cooled to the nominal
operating temperature of 4.5 K. The coil confinement is by the "cold iron" yoke. The
helium containment vessel, a stainless steel shell enclosing the cylindrical yoke, is also a
load bearing part of the yoke assembly. End forces that are present during magnet
operation are restrained by one-piece end plates of thickness 31.75 mm, anchored to the
shell. The entire yoke assembly is curved to the bending radius of the particles to
maximize the usable aperture. The vacuum vessel is conventional in design, with space
for helium return, shield and utility pipes. A folded-post design supports the cold mass
inside the vacuum vessel. This has been adapted for RHIC from the SSC cryostat.
Significant parameters of the dipole design are: effective length 9.46 m; operating field
3.45 T; coil inner diameter 80 mm; radius of curvature 243 m. Further construction

BRASS SPACER

GLASS PHENOLIC
SPACER

COIL

IRON
YOKE

STAINLESS
STEEL
BORE TUBE

»—1
R 36.45

R 38.10
R 40.00—-

R 50.01-
R 55.09 i

R 59.69

MOSX-OIOIJUP

— 3.81

Fig. IV.4-2. Dipole coil cross section.

P. Dahl, et al., "Performance uf Initial Full Length RHIC Dipoles", Proc. 10th Inter. Conf. on Magnet
Technology, IEEE Trans. MAG-24, 723 (1988).
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parameters are given in Table IV.4-3. Some operating parameters are given in Table IV.
4-4. The predicted quench current is based on the superconductor specifications given in
Table IV.4-5. Because the dipoles are essential to successful operation of the collider and
because much of the associated technology is used in constructing the other magnets,
their components and construction techniques are described in some detail in the
following sections.

BUS SLOT

INSULATING SPACER
(RX630 PHENOLIC)

COOLING BYPASS

BRASS SPACER

YOKE KEY

WELD a ALIGNMENT RAIL

HEATER SLOT

LONGITUDINAL
ASSEMBLY ROD

R.

LAMINATED
IRON YOKE

, = 40MM

R2=59.7MM

R5=I33MM

STAINLESS STEEL HELIUM
CONTAINMENT VESSEL

HIGH VACUUM CHAMBER

MAIN SUPERCONDUCTING COIL

Fig. IV.4-3. Cross-section of arc dipole coil and its support.
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Table IV.4-3. Dipole Construction Parameters

Beam tube, inner radius
Outer radius

Coil, number of turns
Inner radius
Outer radius
Overall length

Iron yoke, inner radius
Outer radius
Length (iron)
Length, including end plates
Radius of curvature, nominal
Sagitta
Weight including coi!

Assembly prestress
Room temperature
Cold (after relaxation)

36.45
38.10

32
39.9
50.0
9.65

59.69
133.35

9.64
9.71
243

46
3605

10
> 4.8

mm
mm

mm
mm
m

mm
mm
m
m
m
mm

kg

kpsi
kpsi

Table IV.4-4. Dipole Operating Parameters

Effective length
Inductance
Field at injection

At 100 GeV/u Operation

Current
Field
Ramp rate (60 sec)

Stored energy
Stored energy/sextant

At Predicted Quench

Current
Field
Stored energy
Current density in copper

139

9.46
28
0.4

4.98
3.45
0.05

73
351

8.42

6.6
4.4
589

0.96

m
mH
T

kA
T
T/sec
A/sec
kJ
MJ

kA
T
kJ
kA/mm2



Table IV.4-5. Parameters for Superconducting Wire and Cable

Wire
*

Critical currentCritical current density in superconductor
Nominal copper-to-superconductor ratio
Wire diameter
Filament size
Filament spacing
Number of filaments
Wire twist pitch
Wire twist direction
Maximum resistance at 295 K
Minimum RRR

Cable
Critical current
Number of wires
Cable lay pitch
Cable lay direction
Keystone angle
Cable width (bare)
Mid-thickness (bare)
Maximum resistance at 295 K
Minimum RRR

>264
2600
(2.25 ± 0.1):l
0.648 ± 0.003
6
>1
3600
12.7 ± 1.3
right
750
90

7.13
30
74 ± 5
left
1.2 ± 0.1
9.73 ± 0.03
1.166 ± 0.006
26.5
60

A
A/mm

mm
um
\im

mm

|i£2/cm

kA

mm

deg
mm
mm
u£2/cm

1x10 Qrn @ 5 T and 4.2 K.

Superconductor. The conductor is very similar to that used in the outer coils of the
dipoles for the Superconducting Super Collider (SSC).2 The superconducting cable
consists of 30 strands of 0.65 mm wire, cabled, keystoned and insulated with double-
Kapton and fiberglass-epoxy layers. Each of the strands contains about 3600 NbTi
filaments embedded in copper, which occupies about 69% of the cross section. As a
result of more homogeneous NbTi, improved heat treatment and a niobium barrier in
wire production, and improved billet assembly methods, the current density in the NbTi
superconductor has been increased by 50-70% above the values realized for the Fermilab
Tevatron and CBA R&D magnets. Also, it is now possible to manufacture wire with a
filament size of 6 .̂m (rather than the 9 .̂m used for the earlier production) while still
achieving high current density in the superconductor. Wire and cable parameters are
given in Table IV.4-5. The cable critical current specification allows a 10% degradation
in going from wire to cable.

^"Conceptual Design of the SSC", SSC-SR-2020 (1986).
E. Bleser, et al., "Superconducting Magnets for the CBA Project", Nucl. Instrum. Methods, A235, 435
(1985).
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The minimum critical current given in Table IV.4-5 is defined at a temperature
of 4.22 K, a resistivity of 10~14 Q m based on the total wire cross section, and a 5 T
magnetic field perpendicular to the wire axis. This current corresponds to a current
density in the superconductor of 2600 A/mm2 at 5 T. Samples of wire with the specified
filament size of 6 (xm have been measured with current densities above 2900 A/mm , so
there is confidence that the specification can be met and even surpassed. Small size of
the NbTi filaments is important in order to reduce two effects. During field ramp-up,
magnetization currents are induced in the filaments leading to significant field perturba-
tions 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.

Because of concern about magnet stability, and for quench protection reasons, the
copper-to-superconductor ratio of the wire has been raised from the SSC specification of
1.8:1 to 2.25:1. The increase helps protect the magnet from small disturbances (conduc-
tor motion, epoxy cracking, etc.) which may produce quenches. An analysis of the
training performance of a large variety of magnets, including those for the Tevatron,
CBA, SSC, HERA and early RHIC R&D models, indicated that magnets with the best
performance consistently had cunent densities in the copper at quench of less than 1 kA/
mm , whereas the RHIC magnet with 1.8:1 ratio had approximately 1.2 kA/mm2. This
value was reduced to 0.96 kA/mm2 for a copper-to-superconductor ratio of 2.25:1.

The superconducting wire is fabricated into a flat Rutherford-type cable with a
keystone shape, as shown in Fig. IV.4-4. After the cable is manufactured it is passed
through an ultrasonic degreaser, then insulated. The insulation, Kapton followed by
fiberglass/epoxy, has been routinely used in BNL magnets since the CBA project. It is
sufficiently strong to maintain the shape of the cured coil during coil-handling and
assembly, yet allows proper sizing of the coils by accommodating variations in the
dimensions of the bare cable while maintaining overall coil size.

The conductor for the arc quadrupole will be the same as that for the dipoles. This
permits economical use of short (50 m) cable lengths left over from the dipole construc-
tion.
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NbTi COMPOSITE WIRE: —
DIAMETER 0.648 mm
~3600 FILAMENTS
~6fj,m DIAMETER EACH
Cu:SC=2.25:1

INSULATION:
a) KAPTON: DOUBLE

LAYER, EFFECTIVELY
0.05 mm THICK

b) FIBERGLASS-EPOXY
EFFECTIVELY
0.10 mm THICK

MEAN THICKNESS
~1.3 mm

I
I

KEYSTONE ANGLE ~ 1.2*

Fig. IV.4-4. Cross section of superconducting cable.

142



Coil. The cos9 coil consists of a single layer of 32 turns per half-coil. A cross
sectional view of the coil is shown in Fig. IV.4-2; this also gives some details of the coil
design. Because of concern about damaging the narrow edge of the cable, the conductor
is rolled to a smaller keystone angle (1.2° rather than 1.7°) than that required for
alignment along a radius. However, the centers of each of the five conductor blocks in
the coil are positioned along a radius. The copper wedges provide the compensation
angle to make this possible. By adjusting the sizes and positions of the four wedges and
the coil pole spacer, it has been possible to design a single-layer coil with acceptable
field harmonics. Optimization of the available parameters was done using harmonic
requirements up to and including the 26-pole. Other criteria were also used in selecting
the best design; these were:

1) three turns in the conductor block nearest the pole for enhanced quench propaga-
tion,

2) maximum transfer function,
3) reduced sensitivity to random changes in coil construction,
4) reduced sensitivity to changes in cable thickness, and
5) design flexibility in case small changes in harmonics are required.
The coil ends which are located within the iron yoke were designed to minimize

field harmonics produced in the ends and to reduce field enhancement so that the ends do
not provide an operational (quench) limit. This latter criterion was achieved by allowing
wide spacing of the turns nearest the pole spacer. A method of winding the ends has been
developed that eliminates the need for "pretzels", thin difficult-to-manufacture spacers
which continue the wedges around the end of the coil. Multiple thin spacers rather than a
few thick ones are used between turns. This allows their fabrication from thin flexible
layers of G-10, providing also additional electrical insulation between end turns. By
dipping the assembled spacers in a diluted mixture of epoxy and allowing them to dry
while remaining uncured, it is possible to assemble the coil with flexible spacers which
then become solid when the coil is cured. Therefore, the coil end can bear against
the 31.75 mm thick end plate of the cold mass assembly and be structurally able
to withstand the approximately 17,000 lbs. of magnetic force generated when the
magnet is operated at peak field.

Coils are wound on a mandrel using an automated winding machine. After winding,
they are wrapped in Tedlar film for mechanical stability, then placed into a carefully
sized cavity in a curing press. Under pressure and elevated temperature, the coils are
cured and shaped to the design size. Coil-to-coil size variations are held to a minimum
by controlling pressures and shim sizes during the curing operation.

Beam Tube. The collider is designed with a cold beam tube and no internal
correction coils. The beam tube is made of low permeability stainless steel, with inner
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radius 36.45 mm and outer radius 38.10 mm. It is centered inside the coils with
longitudinal spacers, which also serve to define a helium buffer space.

The inside diameter of the dipole beam tubes will be plated with 25 urn of copper
with RRR of -50. The purpose of the copper is to reduce image current heating in the
beam tubes due to the circulating heavy ion beam. Whereas the plating is unnecessary for
the initial accelerator operating conditions (about 0.2 W per dipole with stainless beam
tube), it is required for anticipated future increases in beam currents. Upgraded beam
luminosities would place a burden on the RHIC refrigeration system. Since a later
modification of the magnet beam tubes would not be possible, the copper plating will be
included in the initial magnet construction. Two industrial concerns, one in the United
States under contract with BNL for plating SSC beam tubes and another in Switzerland
for HERA beam tubes (very similar to RHIC), are prepared to complete the required
RHIC work. Rigorous testing of plated SSC beam tubes has demonstrated the technical
adequacy of the specified process.

Yoke. In this cold-iron design, the yoke provides: 1) a "collar" to apply precompres-
sion to the coils; 2) a mechanical restraint against the Lorentz forces generated in the
magnet; 3) a precision fixture for accurately positioning the coil; 4) a magnetic return
path which increases the central field by 60%; 5) shielding to eliminate interbeam
magnetic interference in the adjacent ring.

The yoke laminations are punched from 1.5 mm thick decarburized iron sheet. The
rms tolerance of 5x10 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 the sections of a yoke are weighed and adjusted to this
tolerance. To facilitate magnet assembly (and disassembly if occasionally necessary) the
yoke is constructed of three-inch long blocks of laminations pinned together and
assembled to act like "collar packs".

Coil-Yoke Assembly. In order to avoid conductor motion under the Lorentz forces
during operation, it is necessary to preload the coils in the assembly of the magnet. In the
RHIC design, this is achieved by the compressive force of the keyed iron yoke, acting as
a "collar". The coils are seated in precision-molded glass-phenolic (RX630) insulators
that are in turn seated in stamped brass laminations, both of which are keyed to reference
the coil to the yoke laminations. The coils are assembled 3'ound the stainless steel bore
tube of wall thickness 1.651 ± 0.013 mm. Bumpers made of Envex are positioned on the
tube outer diameter to center the tube loosely inside the coils. A press is used to load this
package; it is subsequently held together with iron keys on the iron outer surface to the
design load of 10 kpsi acting on the coils. For a central field of 4.6 T, a coil preload of
4.9 kpsi is required to prevent unloading at the pole; the 10 kpsi load during collaring
gives the required margin against relaxation due to creep in the coil package and
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contraction upon cooldown. The radial thickness of the phenolic insulator plus brass
spacer is 10 mm, which was made larger than in earlier designs in order to reduce the
magnitude of the iron saturation effects on the field shape. High voltage insulation of the
coil against ground is provided by the 5 mm thick phenolic insulation. Two layers of
Kapton insulation are installed across the midplane gap between the two coils during coil
assembly to reduce the likelihood of coil-to-coil shorts in this high stress region. A small
radial space between the bore tube outer diameter and the coil inner diameter allows
some circulation of cold helium and also provides a helium buffer volume for expansion
of gas during a quench. Longitudinal cutouts in the phenolic insulators, and gaps
between packs of brass laminations and between yoke blocks, provide an escape route to
the helium bypass holes in the iron yoke for the expanding gas.

Yoke Containment. After completion, the coil/yoke assembly is placed into half
shells of 4.8 mm thick stainless steel. Special tooling is used to insure that the assembly
is not twisted during handling. Alignment and support is provided by precision stainless
steel rails that are snugly placed into the top of the bus slots. A groove in the external
center of these rails is used to precisely align the coil/yoke assembly and later provides a
reference to the dipole field axis. The rails also serve as back-up strips to protect the
coils during the welding process and to protect the stainless steel weld itself from
contamination by the iron of the yoke.

Before the welding begins, the magnet together with stainless steel half-shells is
placed on its side into a curved support stand. The weight of the magnet is sufficient to
bend the yoke and the half-shells. Welding the half-shells to the back-up strips locks in
the required curvature of the magnet. The welding operation also forms the outer high
pressure (300 psi) helium containment vessel. The shrinkage of the weld causes
increased compression of the iron yoke/collar blocks, and the precompression of the coils
is subsequently maintained by the stainless steel shell. Further compression is provided
at operating temperature due to the differential contraction of the stainless steel shell
relative to the iron yoke. The shell also provides the longitudinal support for the yoke.

Electrica! Corrections and Quench Protection. The design of the machine uses
separate main electrical bus systems for the dipoles and the quadrupoles. The bus
conductor for these and the various corrector magnets is placed inside an insulating
"pultrusion" that is then installed as a completed package into the bus slots at the top and
bottom of the yoke. The electrical connections between bus conductors and magnet leads
are at the ends of the magnets, within the volume contained by the stainless steel helium
containment vessel and end bellows. The end volume also contains the thermal expan-
sion joints for the bus conductors and quench protection diodes.

Early in the R&D project, measurements were made of} I2dt (106 A2 sec or MIITS)
versus temperature for a preliminary version of a RHIC dipole. This enabled calibration
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of a model used for predicting the quench margins in the present version of the RHIC
dipole. Recent estimates of worst case j I2dt values for conductor with the planned
copper-to-superconductor ratio (Cu:SC) of 2.25:1 and a single quench protection diode
for each magnet give a value of about 12.4 MIITS compared with an estimated cable
damage level of 13.8 MIITS. This converts to a temperature margin of about 250 K
before the damage temperature of 835 K is reached. It should be noted that the estimated
temperature margin is approximately the same as that for Cu:SC = 1.8:1 with a more
complex assembly of two diodes (one protecting each half-coil). Confirmation of these
estimates will take place in a future model dipole magnet.

Magnet Cooling. The cooling flow for the magnets passes through the round helium
bypass holes in the yoke. Heat extraction is by conduction of heat to the helium flowing
in these bypass holes.

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, this space will contain the expansion joints in
the bus-work, the quench protection diode, and the bellows for the beam tube. These
must be double bellows with differential pumping to protect the very high beam tube
vacuum (<10~10 Torr) from the possibility of helium leaks.

iv. Cryostat
The cryostat is the structure which must make the transition from the 4 K environ-

ment of the superconducting cold mass of the magnets to the room temperature tunnel in
which they will be installed and operated. The major components included as part of the
cryostat are the vacuum tank, the heat shield (55 K), the multilayer insulation (MLI) and
the folded-post type supports which cany the loads generated by the magnet to the
ground. The cryostat must accurately position the magnet cold mass to a given point in
the accelerator lattice. In addition it must minimize the refrigeration load, be economical
in mass production, and be highly reliable.

General Arrangement. The general arrangement of the cryostat components and
the cold mass is shown in Fig. IV.4-5, which represents a cross-section view at the
support (post) location. It is typical of both the dipole and quadrupole magnets. A
standard arc dipole will have three such supports and the standard arc quadrupole will
have two. The vacuum tank legs are carbon steel castings. The surfaces of these legs are
used to provide the exterior survey Fiducial references as described in the Alignment
Reference section below. The major parameters of the cryostat are given in Table IV.4 -6.
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Vacuum Tank — Cold Mass
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Post Assembly—' ' V_ Hat \ _ vacuum Cover

FINISHED ASSEMBLY

Fig. IV.4-5. Cross section of magnet/cryostat assembly showing survey target positions.
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Table IV.4-6. Cryostat Parameters

Vacuum Tank

Vacuum Tank, Outer Diameter
Vacuum Tank, Wall Thickness
Vacuum Tank, Material

Heat Shield

Heat Shield (55 K), Outer Diameter
Heat Shield, Wall Thickness
Heat Shield, Material

Magnet Support Posts

Design Type
Leg Material

Inner Leg Tube, Inner Diameter
Inner Leg Tube, Wall
Outer Leg Tube, Inner Diameter
Outer Leg Tube, Wall
Heat Leak per Leg at 4.5 K
Heat Leak per Leg at 55 K

Number of Supports
Support Spacing
Weight Distribution:

Center Post, 40.1%
Outboard Post, 2 @ 29.9%

Dipole Supports

Quadrupole Supports

Number of Supports
Support Spacing
Weight per Post, 2 @ 50%

610 mm
6 mm

Carbon Steel,
Type 516A,
Grade 70

533 mm
2 mm

1100S Aluminum

Folded Post
Gll-CR Epoxy-
Fiberglass Tubes

124 mm
2 mm

175 mm
2 mm

0.1 W
0.8 W

3.594 m

1543 kg
1151 kg

2
1.88 m
760 kg
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Suspension System. The cold mass assembly and the heat shield are supported from
the vacuum tank leg by means of the suspension system. The major components of this
system are the post and the cradle. The RHIC post is a folded design (Fig. IV.4-6) to
conserve space and incorporates two thin-walled fiberglass-epoxy tubes to reduce the
heat load. This type of support was chosen over a tension strap system because it permits
greater positional certainty in alignment and survey. The fiberglass tubes are assembled
by shrink fit and held in radial compression by metal flanges. The joints have been tested
successfully in controlled (laboratory) experiments and in the prototype cryostats used to
test dipoles DRB-005 and 006.

Cradles atop each post make the transition from the post to the cold mass. The
cradle is a machined stainless steel casting. The design allows the cradle to move relative
to the post in the axial direction only. A low friction pad which is the topmost part of the
post assembly permits this motion. For the dipole, long fiberglass straps axially center
and anchor the cold mass in the vacuum tank while allowing the cold mass ends to shrink
toward the center during cooldown. These straps have been designed to have sufficient
strength against axial hydraulic forces generated during a quench.

4.5' K

Low Friction
Bearing Surface for
Magnet Cradle

G—11 Fiberglass-
Epoxy Tubes

Heat Shield
Supported
on this
Surface

300" K

MAGNET CENTER SUPPORT POST

Fig. IV.4-6. Magnet center support post.
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The support post is heat stationed at the heat shield temperature (55 K) to reduce the
heat leak to 4.5 K. The heat shield is also supported mechanically at these points. The
shield is anchored at the center post and is free to slide at the end supports in order to
accommodate thermal motion.

Heat Leak. The heat load allowance for each dipole is 3.5 W at 4.5 K and 20 W at
55 K. The dipole's calculated losses through the supports and the multilayer insulation
(MLI) total 1.9 W at 4.5 K. It is expected that the interconnect region between magnets,
beam vacuum connections and instrumentation will bring the total up to near the
allowance.

The heat load allowance for each quadrupole is 2.7 W at 4.5 K and 15 W at 55 K.
The quadrupole's calculated losses through the supports and MLI total 0.9 W at 4.5 K.
As in the case of the dipole, it is expected that the total for all components will be near
the allowance.

The heat load allowances are summed for the magnet and other systems in the
Cryogenic Section (IV.6).

Interconnections. Allowance will be made for relative thermal motion of the cold
mass, piping, heat shield and vacuum tank with respect to each other by means of
expansion joints (bellows) located in the interconnect region between magnets. A double
wall type bellows with differential pumping between layers is specified to protect the
beam tube's ultra-high vacuum (< 10" Torr). The electrical bus work has thermal
expansion joints located interior to the cold mass shell bellows in this region. This
section has been designed to facilitate connections between magnets after they have been
installed in the tunnel and to permit removal of a magnet if necessary. Careful design is
required to fit all necessary hardware into this region and to hold cost and heat leak to
the desired low values.

Assembly Fixtures and Procedures. Assembly fixtures are required to facilitate
insertion of the cold mass/heat shield subassembly (CMHSS) into the vacuum tank. A
Magnet Stand and a Cryostat Stand are located end-to-end. Each is about the same length
as the cold mass. Electric winches located at each end provide the motive force to slide
the CMHSS in and out of the vacuum tank located on the Cryostat Stand. One set of
these stands has been built and used in the assembly of DRB-005 and 006. The stands
have been slightly modified for use in assembly of future cryostats.

A thin, steel Towplate is positioned on the Magnet Stand and then the post, cradle,
cold mass, heat shield and MLI are serially added to the subassembly. To provide a flat
surface on which the CMHSS slides when it enters the vacuum tank, another fixture, the
Insertion Tray, is first positioned in the bottom of the vacuum tank. The Towplate, with
the CMHSS resting on it, is then pulled into position in the vacuum tank. Figure IV.4-7
shows a cross-section of the cryostat as it would look during this operation. After the
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Including Heat Shield,
Post & Cradle
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Fig. IV.4-7. Cryostat cross-section showing fixtures used during assembly.
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cold mass is in position axially, a hydraulic jack is used serially at each support location
to raise the CMHSS slightly to permit transferring the gravity load to spacers outside of
the Insertion Tray. This permits removal of the Towplate and Insertion Tray. The jack is
then used to remove the spacers and to lower the CMHSS into position for bolting to the
vacuum tank, completing the assembly.

Alignment Reference. Control of various dimensions is critical to the alignment of
each magnet with respect to the reference features locateo at each vacuum tank leg. The
tolerances specified for the components of the cold mass and cryostat are chosen so that
the position of the magnetic field with respect to the reference features will be known to
within the positional allowance (an rms value) permitted in each axis. A study, whose
results are shown in Table IV.4-7, of the tolerance stack-up in the cold mass and cryostat
parts shows that no shims are required, assuming that the dimensions of the manufac-
tured parts will have a Gaussian distribution. If it should become necessary to shim for
position in either the x or y direction, such shims could be easily incorporated into the
design. The magnet position in the z direction is already adjustable. In order to have the
magnet position information accessible to survey instruments during magnet installation,
specially designed survey fixtures will lock onto the reference features and translate the
positional information contained by the reference features to a location outside of the
vacuum tank.

A discussion of the installation and surveying of the magnets may be found in
Section IV.4-xiii. An isometric rendering of a complete half cell is shown in Fig. IV.4-8.
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Table IV.4-7. Positional Uncertainty for Arc Dipole Assembly*

Source L o c a t i o n

of Starting Referenced max x rms x max y rms y max z rms z max 6 rms 8
Uncertainty Feature Feature (±)mm mm (±)mm mm (±)mm mm (±)mrad mrad

Magnet Magnetic Yoke Survey 0.262 0.131 0.262 0.131 1.000 0.500 1.560 0.780
Construction Field Checking Balls
Tolerances

Measurement Yoke Survey Vacuum Tank 0.127 0.064 0.127 0.064 0.127 0.064 0.500 0.250
with Cold Checking Survey Target
Mass in Balls
Cryostat

_ Manufacturing Survey Target Vacuum Tank 0.254 0.127 0.254 0.127 0.254 0.127 0.100 0.050
u! Tolerance Socket Survey Target

(Repeatability)

Magnet Calculated Actual Position 0.000 0.000 0.254 0.127 0.000 0.000 0.000 0.000
Deflection Position
Between Posts

Thermal Coeff. Calculated Actual Thermal 0.002 0.001 0.025 0.013 0.002 0.001 0.050 0.025
Variation of Thermal Motion
Post Supports Motion

Tolal Magnetic Vacuum Tank 0.645 0.193 0.922 0.232 1.383 0.520 2.210 0.821
Field Survey Target

System

Allowed Error 0.5 0.5 1.0 1.0

•Fabricated Parts Absolute Maximum Tolerance = 2 x Standard Deviation



Vessel

Fig. IV.4-8. Isometric drawing of half-cell.
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v. Arc Quadrupoles
The quadrupoles are shorter than the dipoles, 1.13 m vs. 9.46 m effective length. 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
all 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) beam tube (unplated
in the quadrupole); 5) one-layer coil; 6) coil radii; 7) yoke and vacuum vessel assembly.
The quadrupole design is based on four separate coils to generate the field. The
quadrupoles, sextupoles, correctors, and beam position monitors 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.4-9. Figure IV.4-10
shows the cross section of the quadrupole. The quadrupole parameters are given in Table
IV.4-8.

The quadrupole coil is constructed in the same manner as the dipole coil, with a
winding mandrel of the same diameter and the same type of curing fixture. The use of a
two-current-block, one-layer coil would limit the available parameters for minimizing
the higher harmonics; thus a three-block, one-layer configuration was chosen to optimize
the harmonics. Because the quadrupoles have a relatively small length-to-aperrure ratio
the four-coil design was chosen in preference to a possible 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-X.

1.35m 0.8m-

STAINLESS STEEL
PLATES

COMMON STAINLESS STEEL
CONTAINMENT VESSEL B:AM POSITION

MONITOR

Fig. IV.4-9. Quadrupole, sextupole, corrector assembly.
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Table IV.4-8. Quadrupole Parameters

Effective Length
Coil, Number of Turns
Inductance

Current
Gradient
Stored Energy
Stored Energy/Sextant

Current
Gradient
Current Density in Copper
Stored Energy

At 100 GeV/u Operation

At Quench

1.13
16

3

5
72.0

20
480

7.8
111

0.96
45

m

mH

kA
T/m
kJ
kJ

kA
T/m
kA/mm
kJ

GLASS PHENOLIC
SPACER

COIL

IRON
YOKE

STAINLESS
STEEL
BORE TUBE

Fig. IV.4-10. Quadrupole coil cross sections.
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The quadrupole yoke is designed to be similar to that for the dipole; in particular,
this means that it is built as two halves as shown in Fig. IV.4-11. The poles of the
magnet are accurately located within the yoke halves by the slot in the yoke lamination
and the precision glass-filled phenolic (RX-630) insulators shown in the drawing. When
the yoke halves are tightly closed, these spacer segments are forced against the step in
the main yoke laminations. Once the coils and insulators are placed inside the yoke
halves, the quadrupole is mechanically similar to the dipole, and is assembled in the
same manner (without curvature) with the same tooling as that used for ti.^ dipc.i
magnets.

INSULATING SPACER
(RX630 PHENOLIC)-,

COOLING BYF 'SS->

WELD a ALIGNMENT RAIL

..-BUS SLOT

.-LONGITUDINAL
' ASSEMBLY

ROD

KEY

LAMINATED /
IRON YOKE- '

R, =40MM
= 54.6MM

STAINLESS STEEL HELIUM
CONTAINMENT VESSEL

/ -HIGH VACUUM CHAMBER
/

-MAIN SUPERCONDUCTING COIL

Fig. IV.4-11. Quadrupole cross section.
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vi. Sextupoles
To compensate the natural chromaticity of the machine and to correct for the

sextupole field generated in the dipoles, sextupole magnets are necessary. They must be
rather strong, capable of j B2d£ = (1/2) j B"d£ = 400 T/m. This strength makes it
desirable to build separate correctors rather than correction coils internal to the dipoles.
Because there will be several families of these magnets, it is best to design them for a
relatively modest current; this reduces the size of the bus work, power supplies and heat
leak due to cryogenic feed-throughs. The concept chosen is shown in Fig. IV.4-12. This
design uses accurately stamped iron laminations for the yoke and pole tips. The field
shape is dominated by the iron, easing the construction requirements for the coils. The
coils consist of 200 turns of 0.5 mm diameter NbTi multifilamentary wire wrapped with
Kapton insulation and embedded in the fiberglass/epoxy matrix. The iron laminations
have the same external configuration as the dipole laminations and are held in place by
weld rails and a stainless steel helium vessel. The parameters of this magnet are listed in
Table IV.4-9.

R 40MM

COIL
200 TURNS

KEY

R I33MM

Fig. IV.4-12. Sextupole cross section.
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Table IV.4-9. Sextupole Parameters

Effective Length
Number of Turns
Wire Diameter
Inductance
Quench Current
Transfer Function B2/I
1 B2 d£ «§> 100 A)
Maximum Operating Current
Burnout Current

0.75
200
0.5
380
200

7.35
550
100
250

m

mm
mH
A
Tm"2/A
T m 1

A
A

vii. Correctors
Corrector magnets are included in each half cell as an integral part of the quadrupole

package and in the insertions at quadrupole locations. A summary of the number of
correctors required of each aperture is given in Table IV.4-1. The main function of this
element is to correct the random errors arising in the rest of the arc, necessitating
multiple current control around the ring rather than a single series circuit. For this
reason, a design using relatively low current to minimize heat leak in current feed-
throughs has been adopted. Windings are included in the corrector to allow adjustment of
four different multipoles: horizontal/vertical dipole, normal/skew quadrupole, normal
octupole and normal decapole. The dipole corrector corrects the closed orbit error
resulting from dipole rotational errors and quadrupole misalignments. The normal
quadrupoles are used for the gamma-transition jump. The skew quadrupole correctors
correct: 1) the effect of random quadrupole errors in the dipole, an effect which can be
reduced and perhaps eliminated by a shuffling/sorting procedure, and 2) random errors in
the quadrupoles. The decapole correctors compensate for dipole iron saturation effects;
they are arranged in series in two families.

The design, Fig. IV.4-13, has four coaxial coil structures all surrounding a standard-
diameter beam tube. Mechanical parameters are given in Table IV.4-10. From the center
out, the coil structures are decapole, octupole, quadrupole and dipole. Each of the inner
three structures consists of two layers of racetrack coils with one coil per pole and with
one layer of constant-spacing wires per coil. Each layer is wound on a flat substrate
using the MULTIWIRE process, then secured to a stainless-steel support tube. The wire
is 0.381 mm in diameter, Cu:SC = 2.1:1, filaments <, 9 (im, and wrapped with a double
layer of Kapton of thickness 25 (im. The wiie size in future models ma)' be reduced to
0.330 mm. The width of the band of wires in a pole is chosen to eliminate the first

4
J. Skaritka, et al., "Development of the SSC Trim Coil Beam Tube Assembly", 1987 Panicle Accelerator
Conference, Washington, D.C., 1987, p. 1437.
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Table IV.4-10. Mechanical Parameters of Arc Correctors

Multipole/
Layer

Layer radius
(in.) No Turns

Overall length
(m)

Wire length
(m)

Decapole/1
Decapoie/2

Octupole/1
Octupole/2

Quadrupole/1
Quadrupole/2

Dipole/1
Dipole/2
Dipole/3
Dipole/4
Dipole/5
Dipole/6

\

1.634
1.662

1.830
1.858

2.082
2.110

2.426
2.454
2.482
2.510
2.538
2.566

— BUS BYPASS

\ $&\ J^

13
13

19
19

44
45

138
139
113
113
60
61

.-+-+-4-1 I-+—i—4—

0.584
0.584

0.584
0.584

0.584
0.584

0.582
0.584
0.574
0.576
0.579
0.581

* ^ < V--C0IL
>^r SUPPORT
SK\ TUBES

—

306

-

359

—

426

—

660
-

544
-

307

DIPOLE
COIL

OUADRUPOLE
COIL

OCTUPOLE COIL

DECAPOLE COIL

STAINLESS STEEL HELIUM
CONTAINMENT VESSEL-COIL SUPPORT KEY

Fig. IV.4-13. Corrector magnet cross section.
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Table IV.4-11. Operating Parameters of Arc Correctors

Inductance / o p Field @ 2.5 cm L e f f J c u @ / / Q

Multipole (mH) (A) (T) (m) (A/mml (A)

Decapole
Octupole
Quadrupole
Dipole

4.3
6.9

25.0
687

59.0
50.6
49.8
52.2

0.0154
0.0164

0.0675
0.5903

0.575
0571
0.555
0.508

776
666
655
687

202
198
190
160

allowed harmonic after the fundamental: approximately 60/n degrees, where 2/j is the
number of poles. The outer-most winding, the dipole, has three double layers of wires in
three, nearly equal widths to minimize harmonics. The coil layout is shown in Fig.
IV.4-14.

The magnetic length of the coils is nominally 0.5 m; the physical length is chosen to
be 0.58 m. This is short enough that the stainless steel support tubes can be supported
solely at their ends. The tube diameters were selected from commercially available
standard sizes to minimize machining. T>e dipole and quadrupole support tube thick-
nesses were chosen to give acceptable distortions due to the predicted magnetic forces,
and the octupole and decapole support tube thicknesses were determined by machining
requirements. The end support is provided by separators, four at each end, which serve to
position the tubes radially, azimuthally and axially, and which tie into the overall
quadrupole/sextupole/corrector support and alignment structure. The thickness of the
iron yoke is larger than required magnetically in order to make it compatible with other
components.

Table IV.4-11 gives the operating parameters of the corrector magnets. In general,
all the correctors are designed to operate conservatively at -25-33% of their quench
limit.

In addition to the corrector elements in the regular arcs, correctors are also required
in 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 (Q1-Q3) will be constructed with a
larger aperture as will several at the beam injection/ejection points (Q4I, Q6I, Q8I,
Q8O). The 18 skew quadrupoles at Q2 and Q3 are large aperture correctors in which
additional layers are needed to obtain the required field strength. Correction of field
errors in the special insertion dipoles BC1 and BC2 may be required, depending on the
detailed design of these magnets.
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Fig. IV.4-14. Arc corrector coil cross section.
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viii. R&D Status and Results
Magnet R&D for RHIC has concentrated in the last few years on the arc dipole

magnets. The development of such magnets with the required characteristics has been
quite successful and a tested design that is suitable for machine use is now near at hand.
Proven features include a suitable superconducting cable, the cold mass field level and
field quality, its length and curvature, and a suitable cryostat and method of cold mass
support. Ongoing R&D will include further testing to verify several design concepts and
to test the magnet's performance in a systems environment. In addition to the dipole
magnet R&D, there has been substantial progress in the development of quadrupoles,
sextupoles and correctors for the arcs; the development of quadrupoles is largely
completed, a sextupole has been successfully tested, and corrector magnets are being
built and are approaching the testing of their design.

Dipules. The dipole R&D program has included several types of model magnets.
The first models utilized, for expediency, coils wound at Fermilab to the pattern of
Tevatron inner coils using CBA/Tevatron cable, but 4.5 m long. One of these coils was
inserted into a CBA iron yoke that had been adapted to the correct coil diameter by
means of laminated iron spacers. Four other 4.5 m long coils were collared at DESY,
inserted into bent HERA yokes at Brown, Boveri & Cie. (BBC), Mannheim, F.R.
Germany, and returned to BNL for testing. Two were assembled with aluminum collars
between coil and yoke, and two with iron collars. All of the magnets met their expected
conductor short sample performance without training." Next came a single 4.5 m long
magnet which served as a shorter prototype for full length magnets. This magnet also
reached a quench plateau close to short sample predictions, and its harmonics were
within the expected error distribution.

The first full-length R&D magnets consisted of four dipoles , designated DRA-001
through DRA-004. The cold mass of the first of these tested, DRA-004, was constructed
entirely at BNL (utilizing a keyed yoke) and installed in a horizontal HERA cryostat
supplied by BBC. Coils for the remaining three were also produced at BNL. They were
subsequently sent io BBC for cold mass assembly (with welded yokes) and insertion into
cryostats, and were returned to BNL for testing. The quench data for these dipoles are
shown in Fig. IV.4-15. As can be seen, the quench fields were all well above the
operating field and training was minimal. The measured allowed harmonics for DRA-004
generally agreed with calculations within the estimated magnet-to-magnet variation
expected from construction tolerances; these harmonics in the other three magnets
exhibited an offset that was not completely understood but that was attributed to a

"P.A. Thompson, et al., "Status of Magnet System for RHIC", Proc. 2nd Conf. on the Intersections
Between Particle and Nuclear Physics, Lake Louise, Canada, 1986, and BNL 38459.
E.H. Willen, "Magnets for RHIC", Proc. ICFA Workshop on Superconducting Magnets and Cryogen-
ics, BNL, 1986, (BNL 52006), p. 35.
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Fig. TV.4-15. Training history of dipoles DRAOO 1-004.
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misunderstanding between BNL and BBC of the size of the shim near the pole. The
measured unallowed turns in all the magnets differed from zero by less than the amount
expected from construction errors. The saturation characteristics of the iron in the BNL-
built magnet, DRA-004, differed from those of the BBC-built magnets; this difference
was ascribed to the differences in iron used at BNL vs. that used at BBC. The average
angle of the dipole field in the magnets was somewhat greater than would be desirable
for machine magnets. The measurement probe used for measuring the fields in these
magnets was one developed for use in 17-m SSC magnets.7 In summary, these magnets
were considered quite successful and were productive in illuminating areas in which
difficulties can arise in the commercial fabrication of accelerator magnets.

The most recent R&D magnets, DRB-005 and 006, are currently in the testing stage.
These magnets have a coil design modified from the earlier version to reflect the thicker
cable being used, an increased gap (total 10 mm) between the coil outer diameter and the
iron inner diameter, and the post type cryostat intended for use in the machine. Magnet
DRB-005 has been tested and disassembled to inspect for any possible anomalies inside
the cold mass; magnet DRB-006 is still under test. The quench results for these magnets
is shown in Fig. IV.4-16. Both performed well above the required field value from the
first quench.

The magnetic field measurements are summarized in Table FV.4-12. The measured
values listed are an average of up and down current ramps, thereby removing supercon-
ductor magnetization effects. Also listed for the allowed harmonics is the result of
subtracting the measured value from that calculated by the program POISSON. The
measurements are an average over the magnet straight section and are given for / = 1200
A, except for the quadrupole terms bx and av given for / = 400 A on a down ramp, and
the octupole terms b3 and a3, given for / = 4800 A on a down ramp. These latter currents
are chosen to minimize the corresponding higher multipole, thereby reducing feed-down
to the respective terms. The data show that the measured multipoles fall generally within
the variation expected from the estimated construction errors. The exceptions are the
sextupole term b2 and the decapole term b4. These have been explained by a minor
problem found in the disassembly of DRB-005: the keys on the phenolic spacers were
somewhat oversized, resulting in a deflection of the pole turns of the coils radially
inward by 0.25-0.5 mm. Plots of the transfer function, sextupole and decapole vs. current
at the magnet center of DRB-005 are shown in Fig. IV.4-17, 18 and 19. The observed
saturation at high current is expected to be further reduced in future magnets by
installing ferro-magnetic keys in the slots on the iron midplane rather than the non-
magnetic materials used in these magnets. A plot of dipole field angle along the length of

G. Ganetis, et al., "Field Measuring Probe for SSC Magnets", Proc. Particle Accelerator Conference,
Washington, D.C., 1987, p. 1393.
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Table IV.4-12. Multipoles in Dipole Magnets DRB-005 & 006. Values are average of up and down
ramp and averaged over length of straight section.

Mulfipole

xlO4 @ 2.5 cm

bi
b2
b3

b4
bs
K
a\
a2
a3
a i

a5
a6

DRB-005
Calculated-

Measured Measured

-0.2
-5.8 6.6
0
2.3 -2.3
0.1
0.1 0

3.5
-0.6
0.3
0

-0.6
0

DRB-006
Calculated-

Measured Measured

-1.0
6.3 5.3

-0.4
1.9 -3.2
0.1
0.6 -0.4

1.0
-0.2
0.6

-0.2
-0.2
0.0

Expected
rms errors

1.9
4.6
1.3
2.2
0.5
0.8

3.8
1.3
2.2
0.6
0.9
0.2

5 -

4 -•

UJ

u.
x 3
o
z
UJ

§2

1 -

0

I I

- ,

7 op«

i i I i i

- - i/

•otlng (fold

: DRB-005
' i i i i 1 i i

I 1 | 1 1 1

/— Thwmal Cyel«

1 1 1 1 1

1 1 ' ' _

1 
1
 

1
 

1
 

1
 

1
 

1
 

1
 

1
 

1
 

1
 1

I 
I 

I 
I 

1
 

1
 I 

1

1 • I

T
IM

Opwtrtlng field

FDRB-006
i i i i I

10 20
QUENCH NUMBER

30 0 10
QUENCH NUMBER

20

Fig. IV.4-16. Quench curves of most recent dipoles.
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magnet DRB-005 measured both cold and warm is shown in Fig. IV.4-20. The average
angle for the cold measurement is found to be -1.5 ± 0.14 mrad; this is a shift of -0.25
mrad from the warm measurement. These values are all within acceptable Umits and
show that the cold mass inside the cryostat behaves properly on its support system in
making the transition from room to cryogenic temperature. Further, the warm measure-
ments were made while the cold mass was set up on its alignment table; the good warm/
cold agreement indicates that the proposed alignment methods are indeed feasible. An
NMR/Hall probe scan of DRB-005 gave, at / = 2398.0 A, BQ = 1.69656 T and j Bd£ =
15.833 Tin, giving a magnet effective length of Leff = 9.332 m. The ends of this dipole
were not under the iron laminations which explains the difference to the nominal design
value of 9.46 m.8

There are various issues that have developed in the dipole R&D program for which
answers are not in hand. One concerns the reason for the failure of the dipole magnets to
reach short sample and the modest retraining after a thermal cycle. Magnet DRB-006 has
been outfitted with numerous voltage taps and data from that magnet may shed light on
this question. This is not considered a problem but rather a question of engineering
interest because the quench performance of the magnets is substantially above the level
required in the machine. Another issue is that of the measurement of various parameters
such as multipoles above the i4-pole, higher accuracy dipole alignment, and ramp rate
dependent effects. Finally, the adequacy of the passive quench protection scheme needs
to be confirmed by measurement. Magnet DRB-006 has heaters and voltage taps which
will measure the actual temperature reached in quenches. It is anticipated that these
questions can be answered in the remaining R&D program.

J. Hen-era, private communication.
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Quadrupoles. Two arc quadrupole magnets, QRA-001 and QRA-002, have been
built and tested. Their quench performance is shown in Fig. IV.4-21; all quenches are
well above the required level. The multipoles measured in the central region (75 cm) on
an up ramp at / = 3 kA in the magnet center are given in Table IV.4-13. The
measurements have been centered to correct for offset in the measuring coil by minimiz-
ing the dipole term over the measurement range. This centering was not completely
successful in the case of QRA-001 because the far end of the measuring coil was not
securely anchored and was thus free to move by several millimeters. The multipoles are
referenced to the quadrupole field of the magnet (b[ = 1). The measurements indicate
that the measured multipoles are all quite small and are within or near the variation
expected from construction errors. Figure IV.4-22 shows the variation of the transfer
function in QRA-002 with current. The central region transfer function was measured to
be 1.495 G cirf'/A, within error the same as that predicted for these magnets, 1.481 G
cm" /A. The integral field was measured with a long coil, giving a value of L&^ — 1.258
m for the magnet effective length. The variation of the dodecapole with current is shown
in Fig. IV.4-23.
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Fig. IV.4-21. Quadrupole training history.

J. Herrera, et al., "Random Errors in the Magnetic Field Coefficients of Superconducting Quadrupole
Magnets", Proc. 1987 Particle Accelerator Conference, Washington, D.C., (IEEE, 1987), p. 1477.
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Table IV.4-13. Multipoles in Quadrupole Magnets QRA-001,002 at / = 3 kA.

Multipole
(xlO4 @ 2.5 cm)

Dipole
Quadrupole
Sextupole
Octupole
Decapole
Dodecapole
14-pole
16-pole
18-pole
20-pole

Normal
QRA-001

30.4
io4

-7.5
-3.7
-0.8
-2.0
-0.1
0.4
0.5
0.9

QRA-002

1.5
io4

0.6
-2.3
0.8

-1.8
0.2
0.3

-0.2
0.6

Expected
rms errors

5.6
10.1
4.3
2.9
2.7
3.4
1.1
0.6
0.5
0.6

Skew
QRA-001

57.6
-2.3
-2.1

1.0
0.4
0

-0.3
-0.2
-0.2

0

QRA-002

-0.4
-0.1
-5.5
-0.2
-0.3
0.3
0
-0.3
0.2
0

Expected
rms errors

8.7
2.6
4.7
3.3
2.7
0.6
1.1
0.7
0.5
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Fig. IV.4-22. Quadrupole transfer function versus current.
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Sextupoles. The quench result for the first arc sextupole model, SRA-001, is shown
in Fig. IV.4-24. The magnet shows no training and repeatable performance at the short
sample limit for both positive and negative currents. This result was achieved after
rebuilding the coils, which had been wound (poorly) by a vendor of electric motors. Each
of the individual six coils in the magnet had first been tested in a bath of liquid helium,
resulting in pretraining of the coils; virgin coils installed directly into a magnet may not
give quite such good training results. The field multipoles measured in the magnet, given
in Table IV.4-14, are completely satisfactory. The variation of the sextupole field with
current is shown in Fig. IV.4-25. The measured integral transfer function at 100 A is 5.
33 T-m'VA, is close to the expected value of 5.5 Tirf'/A.

Results obtained to date in the R&D program are quite encouraging and indicate that
many of the potential technical problems that might be encountered in the magnet system
have been addressed and solutions obtained. However, work remains to be done: updated
versions of the arc dipoles, quadrupoles and sextupoles, initial versions of the arc
correctors, and large aperture insertion magnets are still to be built. Efforts must be made
to reduce manufacturing costs of the magnet cold masses as well as the cryostats.
Finally, systems tests of interconnected magnets are required and the industrialization of
the magnets must be carried out.
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Fig. IV.4-24. Quench curves of sextupole model.
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Tabk iV.4-14. Multipole Fields in Sextupole Magnet at 2.5 cm Radius for Several Excitation Currents.

Sextupole
Dipole
Quadrupole
Octupole
Decapole
Dodecapole
14-pole
16-pole
18-polet

I
\BAZ

530.1
8
2.2
2.8
0.50
0.28
4.0
0.30
9.4

= 9.99 A
(Gm) f

1

0.015
0.004
0.005
0.0009
0.0005
0.007
0.0006
0.018

/

lBd£

1573
22
5.4
8.4

1.58
0.86
11.6
0.86
28.0

= 29.95 A
(Gm) j *

.0 1
0.014
0.0C3
0.005
0.001
0.0005
0.007
0.0005
0.018

/

Jflde

3323.:
32
9.4
20.2
4.2
2.2
23.8
2.4
60.2

= 99.74 A
(Gm) /*

8 1
0.010
0.003
0.006
0.001
0.0007
0.007
0.0007
0.018

•Fraction, / = b' lb\, °f multipole relative to sextupole.
fAllowed by symmetry.
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Fig. IV.4-25. Integral sextupole field versus current at 2.5 cm radius.
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ix. 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 unequal rigidities
(maximum ratio of 2.5:1) is a particularly severe constraint on the magnets near the
crossing points. To maximize performance, many of these units must be special purpose
high performance magnets with large aperture, high field or gradient, and minimum
length. The collider is designed to operate with high luminosity from 30 to 100 GeV/u,
which requires more capabilities than called for in the usual hadron collider in which
high luminosity is only required near the maximum energy. The optical and magnetic
design details of the insertions are still being refined. The overall properties of the
magnets described in this section are not expected to change significantly as the design
details are settled.

The overall parameters of the insertion magnets for the current lattice design are
given in Table IV.4-15. Distinctive features of these magnets are described below.

1. 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 sufficient to accommodate both beams. To maximize
luminosity, they must be as short as possibe, necessitating a high field and
consequently a two-layer coil. This magnet is described in detail in a subsequent
section.

2. BC2: Single-layer dipoles. These magnets are separate for each beam; cross-talk
is an important constraint upon their design. The single-layer design chosen
represents a reasonable compromise. Due to the close spacing of the beams, the
BC2 magnets of the inner and outer rings will be in a common cryostat (which
they also share with the insertion quadrupoles Q1-Q3 and BC1).

3. Q1-Q3, (and Q4I, Q6I, Q8I and Q8O at 6 o'clock): Large aperture, two-layer
quadrupoles. To obtain the necessary gradients, a two layer design is used. Cross-
talk is not expected to be a problem, but the close spacing of the two beams in
this region will necessitate placing the quadrupole magnets Q1-Q3 in a common
cryostat. These magnets will be identical to the prototype quadrupoles built for
the CBA3 project, the only change being varying length.

4. Q4-Q9: Standard RHIC quadrupoles of differing lengths.
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Table IV.4-15. Insertion Magnet Parameters

Magnet*

Q9
Q8

Q8I@6

Q8O@6

Q7

B

Q6

Q6I@6

BSI

BSO

Q5
Q4

Q4I@6

Q3
Q2

Ql

BC2
BCl

Coil i.d.

(mm)

80

80

130

130

80

80

80

130

80

80

80

80

130

130

130

130

80

170

Field1"

(T or T/m)

73.8

73.8

57.4

57.4

73.8

3.45

73.8

57.4

3.45

3.45

73.8

73.8

57.4

57.4

57.4

57.4

2.73

4.63

Length

(m)

0.90

1.13

1.41

1.41

1.35

9.46

0.90

1.18

3.57

5.46

1.49

1.35

1.71

1.18

2.41

1.41

4.40

3.30

Bore*

C/W

C

C

W

W

C

C

C

C

C

C

C

C

C

C

C

C

C

c

Cryostat§

C/I

C

C

I

I

C

C

C

C

C

C

C

C

C

C

c
c
c
c

Type

RfflC

RfflC

CBA

CBA

RfflC

RfflC

RfflC

CBA

RfflC

RfflC

RfflC

RfflC

CBA

CBA

CBA

CBA

RfflC

SPECIAL

* The @6 suffix for a magnet name designates a magnet which is used only for the 6 o'clock insertions. The I/O
suffix designates a magnet which is used only for the Inner/Outer insertions.

'Tue Field (Gradient) given is nominal for 100 GeV/u operation.
*The magnet has cold (C) or warm (W) bore.
'The cryostat type is C=Common (cryostat is connected to the cryostat(s) of other magnct(s)), I=Individual
cryostat for this magnet alone.

The beams will use a large portion of the apertures of the dipoles closest to the
crossing point (BCl, BC2) and for the case of beams of unequal rigidities will have
asymmetric paths through the magnets. The interaction of these trajectories with the
significant saturation harmonics of BCl will require special correctors in this region. The
skew quadrupole contributions of the arc magnets produce horizontal/vertical coupling.
It appears difficult to correct this in the arcs and hence there is a need for skew
quadrupole correctors in the insertions. (Nine per ring in the present plan.) There is also
a need for closed orbit (dipole) correctors in both the x and y planes in the insertions.
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Table IV.4-22. BC1 Parameters

Magnetic Length 3.3 m
Field at 100 GeV/u 4.6 T
Current at 100 GeV/u 3.0 kA
Quench Field 5.7 T
Quench Current 4.5 kA
bj (maximum @ 25 mm) 13
b^ (maximum @ 25 mm) 0.4
Coil i.d. 170 mm
Number of Turns 113
Cable per magnet 1.9 km
Inductance 240 mH
Stored Energy (quench) 2.4 MJ
Iron i.d. 220 mm
Iron Outside Dimensions 740x500 mm
Minimum Prestress (cold) 800 kN/m

In the collider, the two rings are required to operate with unequal beam rigidities.
This means that the inner and outer ring magnets must be separately powered. The
insertions are also designed for f$* values of 2 to 6 m which requires independent tuning
capabilities for all the quadrupoles in the insertions. This is accomplished with a system
of by-passes and power supplies described in more detail in Section IV.5.

The majority of the magnets in the insertions are standard RHIC magnets with
different length from the arc equivalents. It should be straightforward to construct these
with the tooling developed for the arc components. The large aperture quadrupoles use
the CBA design and can be constructed using the existing CBA tooling.

The large aperture dipole (BC1) is expected to present the most serious design
challenge. For this reason its design has been investigated in some detail. The prelimi-
nary cross section is shown in Figure IV.4-26. The properties are summarized in Table
IV.4-22. As can be seen from the drawing, this is a large, two-layer cos8 magnet. It is
intermediate between the CBA dipoles (bore =130 mm) constructed successfully at BNL
5 years ago and the HEUB magnets (240 mm bore) constructed 10 years ago.10 It is
expected that this magnet should benefit from improvements in superconductor technol-
ogy and the experience gained in constructing numerous full size dipoles.

G. Morgan et al., IEEE Trans. Nucl. Sci. NS-22, No. 3, 1164 (1975).
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Fig. IV.4-26. Conceptual design of the BCl dipole.
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The BC2 magnets are identical to the regular arc dipoles except that the center-to-
center spacing is reduced to 253 mm. Since they will operate at a reduced field of 2.7 T,
cross talk is not expected to be a problem. Figure IV.4-27 shows a cross section of the
end of the BC2 magnets closest to the crossing point. The cryostat shown in this
conceptual drawing also extends to include BCl. For unequal beam rigidities, the beams
will not be centered in the BC2 magnets; specialized correctors may be needed for this
case.

0914.4MM

Fig. IV.4-27. Conceptual design of dipoles BC2.
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x. 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 vertical field components on the median
plane

f?y(x) = 5(0) + fl'(O) x + i S"(0) x2 + ....

= B o [b0 + bx x + b2 x2 + ....)

and
flx(x) = Bo (a0 + ax x + a2 x2 + ..)

where JC is the transverse offset from the magnet center and Bo represents in the case of
dipoies the nominal field on the axis and in the case of quadrupoles the nominal gradient
times unit of lengiii. Note that the n-th field derivative is obtained from the harmonic
coefficients by

B{n) = n! ba Bo .

In order to deal with more convenient numerical values, the coefficients actually quoted,
"primed units", are redefined as follows: a'n = RD aa, and b'n = RD bn, where R = 2.5 cm
for RHIC. It follows that the design values of the harmonics are b'Q = 1 in arc dipoies and
b\ = 1 in arc quadrupoles.

Symmetries and Expected Errors. The values of the multipole coefficients 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 necessar-
ily that all the skew coefficients in the usual expression for the magnetic field on the
magnet midplane must vanish (an = 0). If there were perfect current antisymmetry about
the vertical plane (left-right antisymmetry), then the odd normal coefficients must vanish
(bl = b3 = ... = 0), as well as the even skew coefficients (a0 = a2 = ... = 0). These two
symmetries are typical of dipole magnets. In contrast, although a quadrupole magnet
exhibits top-bottom symmetry, it also has a current distribution symmetric about the
vertical plane (left-right symmetry). This symmetry, if perfect, would require that the
even normal coefficients as well as the odd skew coefficients vanish; that is, bQ = b2 = ...
= 0, and <3, = #3 = ... = 0. Except for small random errors, these constraints apply to the
RHIC 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:
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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 contri-
bution to the first harmonic allowed by the symmetry of the magnet (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 |im or less. This limits the systematic
contribution to b\ = -10x10" . The maximum temperature variation around the ring is
expected to be 0.2 K, which will limit the periodic variation to b'2 = ±lxlO"4. If the
variations in the superconducting wire are large, the wires can be shuffled before
cabling.

Saturation of the iron yoke. This also produces systematic contributions to the
allowed harmonics, but is only significant at high field. At the modest field chosen for
RHIC dipoles, at 100 GeV/u operation, the saturation terms are b'2 ~ 6.5xlO"4 and b^ =
-3.5x10" (from DRB-005). The iron yoke will be redesigned to reduce these effects. In
the arc quadrupoles, the saturation at 100 GeV/u operation is b'5 ~ 5xlO"4.

Coil deformation due to electromagnetic forces. The coils elastically deform
under the action of the electromagnetic forces producing systematic field changes. The
deformation is minimized by prestress applied to the coil and the field changes will be
small when compared to saturation effects.

Random errors due to fabrication tolerances. Random errors in conductor place-
ment produces random contributions to all multipoles independent of the field level. For
RHIC, conductor placement must be accurate to 0.05 mm and coil rotation to 0.5 mrad in
order to reduce these contributions to a manageable level. If the complete coil in a dipole
magnet is off-center with respect to the iron, this contributes a random quadrupole term.
Similarly, off-center coils in a quadrupole magnet produce random dipole and sextupole
harmonics. In dipoles, the random contributions to bQ come mainly from fluctuations in
the coil length and iron yoke weight; it is actually a fluctuation in jBo-d£. In quadru-
poles, the random variations in b, arise mainly from fluctuations in the effective length.

Random errors due to magnet installation. Significant random errors result from
magnet installation errors. Dipole rotation by 1 mrad rms gives ?. contribution of a0

= iOxlO . The installation error of quadrupoles (0.25 mm rms) produces a random
dipole error of integrated strength -0.02 T m, which requires correction by means of
closed orbit correctors in the machine. Rotation of quadrupoles gives skew quadrupoles.
Misalignments of sextupoles (0.13 mm rms) will cause gradient errors.
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Table IV.4-23. Dipole Field Harmonics

Harmonic
(xlO4 @ 2.5 cm)

7 GeV/u
0.27 T

11 GeV/u
0.40 T

100 GeV/u
3.45 T

b'o,

b\

design
mag-sat
rms

rms

design
mag-sat
rms

rms

design
mag-sat
rms

rms

design
sat

rms

rms

rms

rms

10"
-20

5.0, 5.0

2.0, 4.0

0.96
-10

4.6, 1.3

1.3, 2.2

0.21

2.2, 0.6

0.5, 0.9

0.06
0.0
0.8, 0.2

0.2, 0.3

0.3, 0.1

0.1, 0.0

10*
-5

5.0, 5.0

2.0, 4.0

0.96
-3
4.6, 1.3

1.3, 2.2

0.21
0.0
2.2, 0.6

0.5, 0.9

0.06
0.0
0.8, 0.2

0.2, 0.3

0.3, 0.1

0.1, 0.0

10*
-298

5.0, 5.0

2.0, 4.0

0.96
+6.5
4.6, 1.3

1.3, 2.2

0.2).
-3.5
2.2, 0.6

0.5, 0.9

0.06

0.8, 0.2

0.2, 0.3

0.3, 0.1

u.l, 0.0

Error Summary. The magnitude and behavior of these deviations at different field
levels are summarized in Table IV.4-23 for the dipoles and in Table IV.4-24 for the
quadrupoles. Note that installation errors are not included in the tables. The data for each
harmonic are presented for three critical energies, the minimum operating energy (7
GeV/u), injection energy (11 GeV/u), and full energy (100 GeV/u). For the allowed
harmonics, the systematic contributions from the coil design, ahd the combined magneti-
zation saturation contribution (abbreviated 'mag-sat') are presented in separate rows. The
random (rms) deviations which can contribute to all harmonics, including skew harmon-
ics (an), are tabulated in the lowest row for each harmonic. All deviations are expressed
in primed units. For the dipoles, the large systematic effects in the fundamental
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Table IV.4-24. Quadrupole Field Harmonics1

Harmonic
(xlO4 @ 2.5 cm)

b\

b\.

bf,

b\.

b\-

b's

b's-

b'e,

b'v

fog,

b'o

b'9,

design
mag-sat

a\ rms

a\ rms

a 3 rms

a\ rms

coil design
mag-sat

a\ rms

al rms

a'y rms

a8 rms

coil design
mag-sat

a'9 rms

7 GeV/u
5.8 T/m

104

-2
20, 10

4.3, 4.7

2.9, 3.3

2.7, 2.7

0.0
-0.2
3.4, 0.6

1.1, 1.1

0.6, 0.6

0.5, 0.5

0.0
<0.1
0.6, 0.1

11 GeV/u
8.7 T/m

io4

0.0
20, 10

4.3, 4.7

2.9, 3.3

2.7, 2.7

0.0
0.0
3.4, 0.6

1.1, 1.1

0.6, 0.6

0.5, 0.5

0.0
0.0
0.6, 0.1

100 GeV/u
73.8 T/m

104

-20
20, 10

4.3, 4.7

2.9, 3.3

2.7, 2.7

0.0
5
3.4, 0.6

1.1, 1.1

0.6, 0.6

0.5, 0.5

0.0
<0.1
0.6, 0.1

J. Herrera, et al., Proc. 1987 Particle Accelerator Conference, Washington, D.C., p. 1477.

component (foo) are compensated by the programming of the main power supply.
Likewise, the systematic effects in b2 are dealt with by the sextupoles. All other
systematic effects are expected to be small; residual errors can be compensated by the
octupole and decapole correctors.

Because of the higher symmetry of the quadrupole magnet there are fewer allowed
harmonics associated with it. The lowest field harmonic is the 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 placement and therefore not shown in the
table. The systematic variations in the quadrupole gradient will be compensated for by
the excitation current. The random variations in b{ will be considered in the shuffling
procedure but may have to be cancelled with the correctors.
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Figure IV.4-28 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.4-29 is a contour plot showing the field variation throughout the magnet
aperture.
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Fig. IV.4-28. 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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Fig. IV.4-29. Calculated field contours for dipole at low field, defined by
| B(r, 6) - B(0, 0) | / BQ . Solid contours differ by 2X10"4. The solid S-
shaped curve represents the elliptical beam profile in this coordinate system.
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xi. Magnet Toeing
Magnet testing will rely heavily on the equipment and techniques developed in

ongoing BNL superconducting magnet programs. Electrical tests will include dc
resistance, ac impedance, voltage hold-off, and current-leakage measurement. Magnetic
measurements are described in the following paragraphs.

The multipole content of the magnetic field will be measured to ascertain that the
magnet is suitable for installation into the machine. To evaluate unallowed multipoles, it
will be necessary to "center" the field measurements made with the field measuring
probe. The dipole magnetic center can be calculated from observation of the non-linear
sextupole contribution to the (otherwise linear) quadrupole field as a function of magnet
current. The offset between the measuring coil and the observed magnetic axis is
proportional to this non-linear contribution. For quadrupole magnet measurements, the
magnitude of the dipole term relative to the quadrupole field can be used to calculate the
magnetic center relative to the (possibly offset) position of the measuring coil. Correct-
ing for the offset will yield the values of the unallowed multipoles. The allowed
multipoles are not affected by this offset and will be derived directly from the measure-
ments. The same general principles hold also for sextupole and corrector magnets.

The field direction in a magnet is determined with a probe that has previously been
calibrated with a room temperature calibration magnet that has 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 iron/coil
orientation.

Apparatus. Measurements of the magnetic field multipoles will be made with
rotating "tangential" coils. Two versions of these coils are in use in the BNL magnet
programs. One type has the rotating wires driven from one end by an electric motor. The
other type is a traveling probe in which the rotating wires are driven by a self-contained
gas motor; for production measurements the probe will be pulled through the magnet
under computer control, stopping to make measurements at regular intervals. A drawing
of a traveling probe, in use for several years, is shown in Fig. IV.4-30. 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 the development of this type of probe will
continue over the next few years and will be available to the RHIC magnet program for
both warm and cold measurements of magnets.

G. Sintchak, G. Cottingham, G. Ganetis, "Electrical Measurements During Magnet Construction'
1989 International Industrial Symposium on the Super Collider, New Orleans, LA, 1989.
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Accuracy. The tangential-coil measuring system and associated method of analysis
are able to measure multipole field components at the level of several parts in 10
through the use of precision digital voltmeters. The technique is used both for room
temperature measurements while the magnet is being assembled, and for "cold" measure-
ments when the magnet has been cooled to cryogenic temperatures. For warm measure-
ments, 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 magnets built
in the various magnet programs at BNL have verified that measurements of the magnetic
field made on the warm magnet are closely related to those made on the magnet 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, manufactur-
ing 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.

TETHER JUNCTION / REDUCER 7
BOY ' '

7 REDUCER

GAS
MOTCR

GRAVITY
SENSORS

PRECISION \ OUTER
ENCODER T A N G E N T 1 A L SKIN S L | p FD-WHEEL

COIL ASSY. RINGS

GAS
MOTOR 7 TETHER

GAS INLET
a EXHAUST

Fig. IV.4-30. Traveling field measurement probe.
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Cryogenic Test Facility. Magnets to be tested cryogenically will be ai;-;tailed in the
MAGCOOL system12 at Brookhaven. This system cools and (after testing) warms a
magnet completely under computer control. MAGCOOL was designed to accommodate
approximately two CBA magnets per day; with minor modifications, it can easily handle
the RHIC production rate.

Data Analysis. Rapid on-line analysis of data is essential for timely monitoring of
the performance of newly built magnets. Additional off-line analysis is necessary to
carry out more complex calculations (including final calibration and correction) and to
permit statistical analysis and plotting of magnet 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.

xii. Production Scenario
As shown in Table IV.4-1, some 1674 magnets of various types are required for the

complete magnet system. The production schedule for these magnets, Fig. IV.4-31,
shows production extending over a four year period. It is planned to manufacture the
coils for these magnets at BNL; if a competitive bid price for construction of coils by a
competent outside vendor is attractive, then considerations will be given to manufactur-
ing the coils in industry. Coils manufactured at BNL would be shipped to perhaps two
different vendors, where the coils would be assembled into cold masses and inserted into
cryostats. The completed magnets would then be shipped to BNL where they would be
cryogenically tested and installed into the machine. This division of work has several
advantages: it permits a rapid start of the fabrication of magnets because tooling for coils
exists at BNL, it permits rigid quality control of the most critical magnet component, and
it takes advantage of industry expertise and facilities for the mass production of
completed magnets. The transfer of the necessary technology to industry will take place
in FY 1989 followed by industry tooling fabrication in FY 1990 and two production
preseries of magnets including testing and final contract award in FY 1991 in time for
full scale production of magnets in FY 1992. Two preseries of magnets are included to
allow continuation of magnet fabrication in industry; it is expected that these magnets
would be installed into the machine. Following completion of the arc magnets, industry
would proceed to fabricate the various insertion magnets that are required to complete
the machine. Some of the large aperture insertion magnets, in particular BC1, may be
built completely at BNL, depending on costs.

J.A. Bamberger, et al., "MAGCOOL - The Production Cooling Facility for ISABELLE Magnets", Adv.
Cryogenic Eng., 27, 533-540 (Plenum Press, 1982).
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Under this plan, BNL would procure all of the superconducting cable under a strict
quality assurance program with rigorous testing to insure the uniformity so vital to
acceptable magnet performance. BNL has carried out this test role for the HERA
accelerator at DESY over the last few years. In addition, BNL would purchase all of the
magnet iron to minimize variation in the iron characteristics. The iron would be shipped
to the participating companies for stamping and yoke fabrication. Other magnet compo-
nents would be fabricated in industry.
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Fig. IV.4-31. RHIC magnet production plan.
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Upon receipt at BNL, the completed magnets would be cryogenically tested at the
MAGCOOL test facility. This testing is of critical importance and will be organized to
stay abreast of the production rate to uncover faults in the production process at the
earliest possible time. Industry will be required to perform various measurements
throughout the production process to assure good electrical performance and, by means
of warm magnetic measurements, the proper field distribution and alignment in the
magnets. Following the cryogenic testing at BNL, the magnets will be installed in the
FHIC tunnel. It is anticipated that initially, all magnets will be tested cryogenically; later
in the program, some magnets may be installed in the tunnel without cryogenic testing.

Magnet fabrication has been underway at BNL for some years for the production of
R&D magnets for the SSC and RHIC. A brief description of the method of magnet
production 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 production of magnets. New tooling
would be constructed for special magnets. Coils are wound on a 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 layout 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 shipment to the participating companies.

Yoke Fabrication, Coil-Yoke Assembly. In the companies' facilities, iron yoke
laminations are weighed, stacked and assembled into yoke halves. The coils are assem-
bled in the upper and lower yoke halves, then placed into the assembly press which
closes the yoke halves and thus compresses the coil to the proper prestress level. The
yoke halves are keyed together along the midplane as the coil is held in compression to
lock in this prestress. Low field magnetic measurements are made after removal of the
coil/yoke assembly from the press in order to detect any coil assemblies that may not
meet field quality requirements before committing to final assembly operations. Any
defective assemblies would be removed from production at this time. The helium
containment shells are assembled around the yokes with weld rails at the poles. 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 this curvature.
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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 correction 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 assembly 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 access holes at the
bottom of the vacuum tank at the support positions. The temporary 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 system. Final assembly is completed with the closure of
the access ports, which are seal welded and leak checked. Shipping restraints are
installed and the completed magnets are shipped to BNL.

Cryogenic Testing. The assembled magnet is then taken lo the cryogenic test
facility MAGCOOL where temporary blank-off headers and power leads are attached to
permit cooldown and full power operation of the magnet. The magnet is cooled and
powered. Peak field, heat load, field quality and field alignment of the magnet are
checked prior to the installation of the magnet in the tunnel.

Installation. 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 (already in place, leveled, anchored in position and
grouted) 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 vacuum vessel, and the bore center line accurately located with respect
to the support system external to the vacuum vessel. Surveyors will now locate the
magnets 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 connected
mechanically and electrically to adjacent magnets. The main electrical interconnection,
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or bus, will incorporate thermal expansion joints. Double bellows are provided at each
connection between beam tube sections; they compensate the thermal contraction of the
magnets and protect the ultrahigh beam tube vacuum. The yoke support tubes are joined
by large-diameter bellows. Multi-layer insulation and heat shields are installed around
the support tube interconnections; insulation is placed around the helium pipes, also
joined by bellows connections. The surrounding vacuum closures are completed with
appropriate bellows. Leak checking is performed as the work progresses, either by
helium pressurizing (helium systems) or pumping (vacuum vessel) the respective vol-
umes.

xiii. Tunnel Survey and Magnet Alignment

Survey will utilize state-of-the-art technology yielding accurate geodetic informa-
tion in a fraction of the time required by conventional means. RHIC R&D has fostered an
integrated plan which includes geodetic survey of primary monuments, establishment of
a tunnel net, cryostat design engineering and magnet positioning as a mix of input
variables leading to a series of steps to attain positional and smoothness accuracies
required for RHIC magnet installation in the accelerator tunnel.

Primary Monument Survey. Twelve primary survey monuments located around
the RHIC ring were surveyed by the National Geodetic Survey (NGS) in 1981 and must
be remeasured to correct for earth settlement that has occurred over the ensuing years.
The original quoted error of primary monument survey was about 2x10" or an uncer-
tainty of one to two millimeters over the RHIC ring radius of 620 m. Measurements were
carefully done using conventional triangulation techniques to extend a geodetic grid
already in existence at Brookhaven. Accuracies of a few millimeters uncertainty are
necessary for a project of this scale but proved very labor intensive, consuming man-
years of effort only to be stopped before completion at the termination of the CBA
project.

Today primary survey data of a comparable accuracy can be obtained in terms of
days, not years, by using satellite based Global Positioning System (GPS) technology.
Although only seven GPS satellites are presently in use, resumption of shuttle flights will
eventually place an additional eleven NAVSTAR satellites in service providing more
session time during which data can be accumulated. Typically one receiver is placed at a
known NGS control point and others at primary control points to be measured. Each
receiver accumulates data of satellite time synchronization, orbit information and simul-
taneous phase measurement of at least four satellite carrier frequencies for a minimum
period of 45 minutes. Received information is stored on cassettes and post processed by
computer to yield the longitude, latitude, height of unknown stations, distance between
each station and azimuthal directions between all points. Six "orders" of GPS geometric
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relative positioning accuracy standards are defined by the Federal Geodetic Control
Committee (1988) document,13 the highest being classified as order AA. Its accuracy
standard for three dimensional surveys using space system techniques is defined in terms
of base error and line length dependent error. The maximum allowable error for a single
dimensional measurement at 95% confidence level is:

S = 3 mm + 1CT8 x (Line Length)

For RHIC the longest line length is no more than a few kilometers making line length
errors inconsequential. One sigma errors can be expected to be less than 2 mm in all
three dimensions. An NGS calibrated base line of 1400.0138 m located in St. Petersburg,
Florida was used by a commercial survey company to check the accuracy of GPS
technology. Two antennas were set up at either end of the base line and satellite data was
recorded for 1 hour. The data was reduced and the GPS derived length agreed to within 3
mm of the NGS calibration. GPS technology is clearly a time saver, without a sacrifice
of accuracy, when compared to conventional means.

Standard 30 mm diameter CERN type self-aligning stainless steel bushings will be
grouted into the floor of the RHIC tunnel beneath twelve 24-inch vertical pipes located
in the ceiling. These transfer points will act as primary monuments and are located at the
ends of each arc sextant of the machine. The GPS antennas will be positioned on top of
the berm over the primary monuments and collimated. Once positioned, data taking
begins and continues to accumulate data measuring relative position of the primaries
with respect to the ring center monument and the existing geodetic grid. When enough
data has been accumulated to gain the desired accuracy the antennas are moved to new
positions and set up for another satellite receiving session. Survey jobs of a size larger
than RHIC have been completed in one to two months of work which includes setup,
session and data reduction time.

Secondary Tunnel Net. Once the coordinates of the tunnel primary monuments are
known, secondary control points will be located in x, y and z around the remainder of the
ring. These monuments will be physically the same as the primaries and installed in their
rough positions before magnets are placed in the tunnel. Accuracy of placement of the
secondaries is unimportant, so long as the monuments are placed within a few inches of
two foot away from the inner and outer tunnel walls, positioned opposite each future arc
dipole location and slightly offset from its magnet stand center support leg. The line of
sight, under the magnet stand, will be kept clear of obstructions throughout the life of the
machine so that secondaries can be resurveyed when necessary. A similar scheme will be

Geometric Geodetic Accuracy Standards and Specifications for Using GPS Relative Positioning
Techniques, Federal Geodetic Control Committee, Version 5.0, May 1988.
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used to extend monuments through the insertion regions of the sextants with minor
adjustment because of the non-periodicity of its magnetic elements.

The exact three dimensional positions of the secondaries will be carried from the
primaries at each end of the sextant through twelve secondary monument pairs and close
at the midpoint of the sextant. The geodetic figure (Fig. IV.4-32) of a RHIC arc full cell
shows a braced quadrilateral framework of a width to length ratio of approximately 1 to
4. From experience gained at CERN's ISR and SPS projects, length measurements will
be used employing laser interferometry distance meters to keep errors down to the 0.025
mm range. Additional stiffening of the tolerances can be obtained by measuring offsets
of two consecutive quadrilaterals to assure the precise position measurement of second-
aries of the geodetic framework of each sextnnt Vertical c»-s't:or--0 measurement -•--.'V.\ Us
done by conventional angularity measurements. Errors in closure at the center of the
sextant will be less than 0.1 mm plus the relative position error differential of the
primary monuments.

Magnet Installation and Positioning. Magnet stands will be placed in the RHIC
tunnel to a few millimeter accuracy and secured in place. The stands are designed to
support both blue and yellow ring magnetic elements per location and will be manufac-
tured as castings and machined to reduce cost as opposed to cutting and welding plate
stock. As the magnet cryostat assemblies arrive from the supplier they will be trucked to
the RHIC site. There they will be installed upon the stands by a special cart designed to
carry the cryostats into and along the tunnel and place the dipole and quads upon their
stands. The surface of the stanci is designed with a bearing plate so that each cryostat
base can be independently positioned in x, y and z space.

--T--
i

l

Fig. IV.4-32. RHIC secondary monument distance measurement.
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Final positioning of the magnetic elements to meet machine accuracies (Table
IV.4-25) is simplified by integrating these requirements at every stage of planning
starting with cryostat design. Figure IV.4-5 shows a cross-section of the cryostat
including survey targets mounted on its base. Position tolerances of the cold mass
through the cradle assembly, post support and base are controlled by machining toler-
ances and are well within prescribed accuracy (see Table IV.4-7). In effect, the magnetic
center of a dipole or quadrupole element is accurately transferred, in a known and
reproducible way, to the tip of the survey target located on both sides of every cryostat
base assembly.

Final positioning and smoothing of the magnetic elements to the machine's refer-
ence orbit will be done in one operation utilizing digitally encoded electronic theodolite
systems. Electronically encoded T 3000 theodolite heads will be plugged into the
secondary tunnel net monuments as shown in Fig. IV.4-33. Positional tolerances for
dipoles are less stringent so the secondary monuments were pre-positioned opposite the
center support legs of these elements to afford larger sighting angles for the quadrupoles
where greater accuracy is demanded. Up to eight theodolite heads can be connected to an
on-line personal computer, each having angularity setting capability of 'ess than 0,5 arc
seconds which translates to errors of less than 0.025 mm in a 10 m sighting distance. The
electronic theodolite system has many features that enhance useability and speed setup
time including an automatic electronic leveling feature with compliance to ±10 minutes
and a setting accuracy of ±0.1 seconds. As long as the 30 mm CERN bushings are
grouted to a verticality of no more than 10 minutes maximum error, there should be no
need for manual adjustment procedures.

i^fe^ffilr s ~ A r s p l r s ^ i ^ ^ ^

Fig. IV.4-33. Electronic theodolite positions for magnet installation.
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Table IV.4-25. Magnet Position Tolerances at 4 K

Beam Position Monitor - Reference Orbit

Sextupole - Beam Position Monitor
This tolerance refers to the magnetic center of the sex-
tupole relative to the center of the BPM, all along the axis
of the sextupole.

Quadrupole - Beam Position Monitor
This tolerance refers to the magnetic center of the quad-
rupole relative to the center of the BPM, all along the
axis of the quadrupole.

Dipole - Reference Orbit*
Tolerance refers to the magnetic center as given by fidu-
cial marks of the dipole relative to the reference orbit all
along the axis of the dipole. The dipole magnetic center is
defined as the magnetic center of its magnetization sex-
tupole.

Dipole Rotation
The average horizontal component of the dipole magnetic
field is to be less than 1x10"
nent of the field.

rms of the vertical compo-

Quadrupole Rotation

Longitudinal Error
Refers to the longitudinal position of all magnets with
respect to their ideal position along the reference orbit.

Long Term Position Stability
The design shall make every effort to keep the long-term
position stability including creep effects consistent with
above position tolerances.

Ax = Ay = 0.25 mm rms

Ax = Ay = 0.13 mm rms

Ax = Ay = 0.25 mm rms

Ax = Ay = 0.50 mm rms

A9 = 1 mrad rms

A6 = 1 mrad rms

Az = 1.0 mm rms

Reference orbit positions are based upon tunnel net and primary monument measurements.
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Real time saving is afforded by the use of the computer interface. Since the
positions of the tunnel net secondary monuments are known from previous measure-
ments, a computer program will be written to smooth their measured positions thereby
defining the reference orbit. Placement of the quadrupole and dipole magnets in their
proper positions with respect to the machine reference beam orbit therefore becomes a
less laborious task. It consists only of moving the leveled magnetic elements to
calculated offset locations in a smoothed arc.

The electronic survey system can be operated in two modes to assist placement of
the magnets in their final positions. The inspection mode can be used where the operators
set the theodolite cross hairs on the cryostat targets, coordinate values are computed and
deviations from the desired positions, stored in memory, are displayed on the screen of
the CRT. Cryostat position would then be adjusted until the computed deviations are
driven to zero. The second method employs laser heads mounted on the optical tele-
scopes of the theodolites. Each of the theodolite heads are positioned to pre-calculated
angles and the cryostats are moved to a point where the laser beams intersect at the
cryostat targets. In both cases there is no need for manual data taking or hand
calculations, for magnet positioning is based only on smoothing calculations from the
original measured positions of the secondary monument locations and offsets to the beam
reference orbit position.

Four or more theodolite heads would be optimum for cryostat positioning in the
tunnel. Two would be plugged into the tunnel net socket^ along the wall and two or more
heads positioned on tripods at appropriate positions to minimize angle measurement
error. The exact position of each of the auxiliary heads is calculated by system software
after a tunnel net theodolite and auxiliary sight a reference bar of known length. Once all
measuring element positions are known in three dimensional space coordinates, methods
described above can be used to place the cryostats in their smoothed locations, and in
one case, without having to change the position of the theodolite heads. The ability to
utilize numerous measuring elements is clearly an advantage. All measurements for
magnet installation can be done from one or the other side of the tunnel and in the
second mode, at least, setting errors are minimized because the theodolite heads remain
in static position, untouched after initial setup.

The concept and use of electronically encoded theodolites, and >n on-line computer
to pre-smooth magnet positions and essentially "point" to their final positions will not
only increase accuracies but save time as well. As magnets are initially installed in the
tunnel by electronically aided methods, results will be checked by conventional means
and a best method of magnet installation and smoothing will be adopted.
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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 current to a precise pre-selected value during beam storage, 3)
the quadrupole powering system, and 4) the insertion and correction magnet powering
systems.

The main, quadrupole, and flat-top power supplies are similar in design. 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 required. The passive filter consists of a
critically damped L-C section; if necessary an active section can be added. The
subharmonic component of the ripple voltage will be controlled by electronics operating
on the rectifier commutation. The control and regulating system will be interfaced with
the main control computer for monitoring and analysis. In order to control the betatron
tune within Av ~ 10" it is required that dipole and quadrupole currents track with about
10"5 accuracy.1

Many of the correction/trim and by-pass power ^applies are built following 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 supply requires the following
components:

• A digital controller which receives information from the central computer and
develops the necessary control information;

• 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 information to

drive the supply in a standard feedback sense.

ii. Magnet Bus
The power supplies lor the collider magnets are distributed in the support 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.5-1 and IV.5-2 show the dipole and quadrupole system schematics
respectively. The superconducting leads within each sextant of a ring are carried through

G. Parzen, "Power Supply Accuracy in RHIC", RHIC-AP-24 (1985).
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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.
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Fig. IV.5-1. Simplified dipole power supply schematic, one ring only.
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Fig. IV.5-2. Simplified quadrupole power supply schematic, one ring only.
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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 accomplished by one
of the two passive protection systems shown in Fig. IV.5-3. 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 during the current commutation process described. Energy from the 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.5-1 and IV.5-2 also show this energy
extraction system. Current is diverted from the non-quenching magnets by a redundant
set of switches. The primary 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.

TOP
HALF

BOTTOM
HALF

TOP
HALF

BOTTOM
HALF

S'NGLE DIODE PROTECTION CIRCUIT DOUBLE DIODE PROTECTION CIRCUIT

Fig. IV.5-3. Two alternative quench protection circuits.
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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 accomplished by using differential
pressure switches sensing the helium pressure in the magnets. These pressure switches
are hard wired to the dc interrupters to minimize failure modes.

iv. Insertion and Correction Magnet Power Supply Systems
The insertion region contains both focusing and beam bending magnet elements. To

reduce power supply cost and minimize cold penetrations these elements are connected
in series with the main dipole or quadrupole circuits. However, provisions are made to
adjust each insertion quadrupole separately as required.

The regular arc dipoles are in series with the quench protection switches and with
the insertion dipoles in the circuit return leg. Figure IV.5-4 shows the detail circuit of the
insertion dipole arrangement.

REG. DIPOLES
QUENCH PROTECTION
SWITCH

ENERGY DUMP

55OOA-
REG DIPOLES
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5500

5500

DIPOLE RETURN

5500 A
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-PENETRATIONS

Fig. IV.5-4. Insertion dipole power supply schematic.
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This circuit configuration allows the insertion 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 separately 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
independent operation involves 24 additional penetrations and 6 additional power
supplies. At two locations, the dipole circuit is broken to accommodate the circuit return
and the driving power supply. Provision for shunting current around BS1 will be
provided, but the length of this magnet will be adjusted so that no electrical correction is
expected.

The quadrupole insertion schematics are shown in Fig. IV.5-5 and IV.5-6. Current
flows through the regular Qv 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 QH regular quadrupoles (see Fig. IV.5-1) and the
remaining insertion quadrupoles.
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Fig. IV.5-5. Insertion quadrupole power supply schematic.
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The choice of circuit configuration for the various insertion quadrupoles has been
chosen to minimize power supply and current penetration requirements and is sized to
allow the choice of any p* between 2 and 6.

The schematic contains a 2250 A monodirectional power supply shunting current
around Ql, Q2, and Q3. This unit connects to the corresponding point on the other side
of the crossing point.

Special large aperture quadrupoles are used in the 6 o'clock insertion region to
accommodate injection (Q8O) and beam dump (Q8I, Q6I, Q5I, and Q4I). A special
circuit is needed to power these elements. This circuit is shown in Fig. IV.5-6.

The shunting current values required for the functions described are often not
symmetrical i.e., more current is needed in one direction than the other. To accommodate
this economically many of these power supplies will be assembled from modules having
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Fig. IV.5-6. Six o'clock insertion quadrupole power supply schematic - injection and
beam dump region.
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a current rating of 125 A. If a unit needs 625 A in one direction and only 125 A in the
other, this unit will be assembled having five modules with one polarity and only one
with the reverse polarity. These assembled modules will be controlled by a common
current regulating system. Units with 900 A and above will be custom engineered but
will be able to operate in parallel with lower current units and controlled by the same
common regulator. The schematics show the current values and directions needed.

Figure IV.5-7 shows the sextupole (b2) circuit which connects the chromaticity
sextupole trim elements into six far**:;;,s per ring (3 families per inner arcs and 3
families per outer arcs).

WARM CONDUCTOR

'SF-AF(6ea)

SD (12ea)

SF+AF(6eo)

OUTER ARC

300A

SF (I2eo)

SD+AD(6ea)

INNER ARC

SD

300 A

OUTER ARC

SD-AD

SF

SD+AD

INNER ARC OUTER ARC

SF-AF

SD

SF+AF

WARM CONDUCTOR

Fig. IV.5-7. Sextupole 6 family (3 per inner plus 3 per outer arc) schematic.
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The a ^ j j closed orbit correction magnets are individually powered and the
connections are grouped into 11 each - 8x50 A penetrations. Two families of octupole
(b3) and decapole (b4) correction are provided.

The aj/b, units in the arcs are collected into small series-connected family groups
thus reducing the number of cold to warm penetrations. Two b{ and four ax families are
planned for each sextant as shown in Fig. IV.5-8. The details of this circuit are shown in
Fig. IV.5-8. Initially the b, circuit will be used only to produce the gamma-T jump and
the at circuits will not be powered. However, the future usefulness of these correctors is
preserved.

Three families of skew quadrupoles per ring, located in the insertions at zero
dispersion for coupling correction, will be provided.

© © © © © © © © © © © © © © © © © © © © ©

50A

50A
•

504

50A

50A 50A

Fig. IV.5-8. Circuit schematic of a, and bj correction elements. The bj circuit will be
powered to produce a gamma-T jump.
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Table IV.5-1. Power Supply Summary; Tune = 28.822

Item

Dipole Ramp
Dipole Flat-top
BC2, trim

BCl
Sextupole, 6 families
Quad Main
Quad H/V trim
Insertion Quads

Bypass Ql,2,3
Bypass Q6,9
Bypass Q5
Power Modules

Corrector Coils

ao/bo ( sPec ia l)
Gamma-T pulsers
b 3 (2 families)
b 4 (2 families)
a p coupling

Polarity

mono
mono
mono
mono
mono

bi

mono
bi

mono
mono
mono
mono

mono
bi

mono
bi

bi

bi

Voltage
(V)

650 V
75
40
20

40

125

125

75

25

12

12

10

12

12

1200
125

125

120

Current
(A)

5500
5500
1500
1500
5500

200

5500
500

2250
900

1500
125

50

50

30

50

50

50

Quantity
(2 rings)

2

2

10
4

6

12

2

2

14

44

24

522

444

48

4

4
4

6

Table IV.5-1 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 reversible and, in general, are two power
supplies operated in parallel with a common regulating system.

The power supply count assumes that the field quality of BCl and BC2 is such that
the trim coil supplies are not required. Table IV.5-2 is the summary of the penetration
requirements.
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Table IV.5-2. Penetration Summary

12x50 12x100 1000 1500 2500 5500 A

Dipole Main
BC1
BC2
BSI, BSO
Quad, Main
Quad Bypass
Insertion Quads

Bypass Ql.2,3
Q9,6
Q5
Q4
Modules
Sextupoles

Corrector Coils
ao/t>o
aj/bj & b3

b 4 & a, coupling

84
24
24

12

24
36

Total 132 72

72

24

24

20
4

48
24

48

24

72 72 24 120
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IV.6 Cryogenic System

The main feature of the proposed RHIC cryogenic system (shown schematically in
Fig. IV.6-1) is the helium refrigerator. This refrigerator was fabricated, installed and
following testing was accepted by BNL in March, 1986. The refrigerator was designed
to match the load of the CBA Project (allowing a capacity to load margin of 1.5) with a
primary capacity of 24.8 kW at about 4 K, and a secondary, higher temperature, capacity
of 55 kW at about 55 K.2'3 Both of these capacities are about two times their respective
estimated heat loads for RHIC. The refrigeration is transmitted to the load by heat
exchange with single-phase, supercritical pressure helium circulated through each ring.
Work is removed from the helium in the refrigerator 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.

rSEC0NDARY(55°K)
UXXILiNG CIRCUIT

PRIMARY (4°K)
COOLING CIRCUIT

GAS
STORAGE

GAS
MANAGEMENT
AND
PURIFICATION
EQUIPMENT

MAIN
HELIUM
COMPRESSORS

HELIUM
REFRIGERATOR
COLO BOX

MAGNET/REFRIGERATOR
CONNECTIONS
MAGNETS IN ONE SEXTANT
ISOLATION.TCMPERATURE
AND FLOW CONTROL
EQUIPMENT AS REQUIRED

Fig. IV.6-1. Simplified drawing of RHIC Cryogenic System. Only one of the rings is shown.
The second is in parallel with the first.

D.P. Brown, Y. Farah, R.J. Gibbs, A.P. Schlafke, J.H. Sondericker and K.C. Wu, "25 kW Helium
Refrigerator," BNL Informal Report No. 41589 (1988)
TD.P. Brown, et al., "Design of 24.8 kW, 3.8 K Cryogenic System for Isabelle" Adv. Cryog. Eng., 27,
3509 (1981).
D.P. Brown, "Update of Cryogenic Refrigeration Requirements for Isabelle," ISA Tech. Note 243
(1980).
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The compressor station which serves the refrigerator consists of 25 identical screw
compressors, arranged in ranks of first and second stages, plus oil removal and gas
purification and handling systems. Despite the great reliability of this type of
compressor, redundancy is provided here also. This station was constructed by the same
company, Koch Process Systems, Inc., that built the refrigerator and was tested and
accepted in April, 1985.

Single-phase helium coolant from the refrigerator flows in parallel loops through the
two collider rings and through magnets of each ring in series. The temperature of the
helium entering each sextant is 4.3 K and the flow rate of helium through the magnets
has been chosen so that the maximum temperature is 4.6 K. The coolant helium stream is
recooled to its original temperature as it enters a sextant, and periodically within the
sextant, by means of recooler heat exchangers which have boiling Jiquid on their iow
pressure side. Three pipes in 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 pipes are located in the vacuum spaces
of the magnet cryostats except at straight sections, e.g., insertion regions, where there art
no magnets and there the cryogenic piping proceeds in its own vacuum jacket acros;;
these regions. All the pipes of each collider ring share a common vacuum jacket and heat
shield.

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 com-
pressor 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 RHIC control room so that the system required for operation of the
refrigerator, 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 magnets are brought to room temperature 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.

D.P Brown and K.C. Wu, "Choice of Design Pressure for Helium Coolant of lsabclle Magnet System,"
ISA Tech. Note c8 (1979).
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Table IV.6-1. Individual Magnet Heat Load Estimate

Estimated Load (W)

Arc Dipole Quad Assembly

4.6 K 55 K 4.6 K 55 K

0.29
0.09
0.38
1.52
1.00

0.60

2.30

2.30
12.70
3.00

2.00

0.20
0.25
0.45
0.45
1.00
0.40
0.40

1.53

1.53
3.47
3.00
1.20
5.80

Legs
Axial Restraint Straps
Total Supports
Insulation - rad. & cond.
Connecting Piping
Beam Position Monitor
Other

Total For Magnet 3.50 20.00 2.70 15.00

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 primary 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.

The expected load has been estimated for all components.5'6 Table IV.6-1 shows the
load calculated for individual magnets, and Table IV.6-2 summarizes the sources of heat
for the entire machine. A 20% load contingency and off-design performance allowance
has been added to reach the capacity for which the cryogenic system will be designed.
This is to assure that sufficient capacity and pressure drop reserve are available if
required.

Given the magnitude of the expected load, it is usually necessary to choose a design
refrigerator capacity to "match it." In the case of RHIC, the capacity is already fixed. The
ratio of capacity to load has extremely important 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,
a more conservative design.

A.P. Werner, D.P. Brown, and W.J. Schneider, "Heat Load Measurement of Prototype Cryogenic
^Magnets and Leads for the Isabelle Project" Adv. Cryog. Eng., 27, 517 (1981).
W.J. Schneider and J.H. Sondericker, "Heat Load Measurements of Prototype Transfer Lines" ISA
Tech. Note 358 (1982).
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Table IV.6-2. Cryogenic System Heat Load Allowance

Load
Primary

W @ 4.6 K
Secondary

W @ 55 K Comments

Magnet System

372 Dipoles 1300
492 Quad/Corrector Assemblies 1400
Insertion Magnet Connecting Pipe 300
196 Beam Vacuum Pump Connects 400
60 Vacuum Breaks 30

Magnet System Load Sub-Total

Magnet Power Leads
Main Coils

Correction Coils

Lead Pots

Magnet Power Leads Sub-Total

Cryogenic Distribution System
Piping

Valves

Cryo. Distrib. System Sub-Total

Total Estimated Load 10230

Contingency & Off-Design
Allowance (20%) 2050

Total System Design Load 12280

Refrigerator Capacity 24800

7500
7400
1200
1400
150

Includes Insertions

3430

3100
2100

300

5500

300
1000

1300

17650

0
0

600

600

3600
5000

8600

Includes conduction
& liquefaction loads

26850

5370

32220

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 reliability (assuming certain
redundancies in a centralized refrigerator), resulted in the choice of centralization as the
preferred system for CBA. Because the refrigerator is already in place, the basic cycle
was considered fixed for RHIC and no modifications are contemplated except in the
refrigerator-to-load conjunction section where the specifications for the cold compressors
have been changed to accommodate the differences between the CBA and RHIC flow
and temperature requirements.

A block diagram of the system is shown in Fig. IV.6-1. Figure IV.6-2 shows the
helium flow circuit during steady-state operation. As shown there, the helium from the
refrigerator passes alternately through a group of magnets (in series) and then through a
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recooler in each ring. The heat which is picked up from the magnets in each sextant is
removed by heat exchange with boiling liquid helium in the recooler. The number of
recoolers required will be determined during a design study which will balance pressure
drop, refrigeration delivery capability, magnet temperature and cost.

After the helium has passed through all of the sextants in a ring it is returned to the
refrigerator where after being warmed in the heat exchangers, its pressure is boosted by
the main compressors to ready it for another pass through the system.

The helium vapor from the liquid which is evaporated in the recoolers is returned to
the refrigerator in two parallel pipes located in the magnet cryostat vacuum space, the
Return Header and the Utility Header. The flow from these two headers goes to the
suction of a cold compressor 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. In order to avoid possible contamination problems due to air in-leakage, the
system design does not call for sub-atmospheric pressure in these lines which will have
many components, i.e., relief valves, which have helium-to-air seals.

A flow through the heat shield piping is also maintained during steady-state
operation. This flow is from the Secondary (40K to 70 K) Section of the refrigerator and
is not shown in Fig. IV.6-2 to simplify the drawing. 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 valves required to affect the magnet/refrigerator
connections are shown in Fig. IV.6-3. The piping in the "typical" half of Fig. IV.6-3
occurs at 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. Heaters located in the magnets would provide the
bulk of the heating capacity required to quickly warm the magnets without need for high
temperatures anywhere in the magnet system. When warm-up is complete the ailing
sextant is isolated and repairs can be effected. During this warm-up and repair period, the
other sextants can be maintained near their normal temperature. When 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
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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 ^as 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.

HALF SEXTANT
OF MAGNETS-

RECOOLER HEAT EXCHANGER;
TYP. 12 PLACES/RING-

-RECOOLER
SUPPLY HEADER

RETURN HEADER

RECOOLER LIQUID
LEVEL CONTROL
VALVE

HELIUM
REFRIGERATOR

Fig. IV.6-2. Helium primary flow circuit for steady-state operation. Only one of the rings is
shown.
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Fig. IV.6-3. RHIC helium distribution system piping diagram.
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iii. Refrigerator Design
A simplified schematic of the refrigerator, together with its load, is shown in Fig.

IV.6-4. 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.6-4, 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 contain 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 a cold compressor (labelled WCOCO2).

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.6-4.

In order to give the refrigerator higher capacity at higher ouput temperatures 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.6-4. 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 contaminants 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 02 or N2 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 thousands of hours. It
can be expected to run for many years of RHIC operation without mechanical
breakdown.

D.P. Brown, A.P. Schlafke, K.C. Wu, and R.W. Moore, "Cycle Design fur the Isabelle Helium
Refrigerator," Adv. Cryog. Eng., 27, 501 (1981).
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Fig. IV.6-4. Refrigeration system schematic.
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The main compressors consist of 19 parallel first stages and 5 parallel 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 refrigerator inlet. They are all identical
oil-injected screw compressors, chosen primarily for high reliability and low cost. There
is considerable experience with such compressors, here and elsewhere, showing mean
times between failure of more than 30000 hours, or about five years of RHIC 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. 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 replacement of
elements in the sixth. These are followed by a single stage of charcoal adsorption in each
of three parallel paths, where two are required.
i\. Cooldown and Operation

At normal operating temperatures, the main compressor flow is matched to the flow
capacity of the five turboexpanders. Howev ,r, at higher temperatures the gas has lower
density, and the redundant expanders can be usod simultaneously with their mates. By
using appropriate ones at various temperature 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
configuration. While the time required for the first two is greatly reduced by the use of
the redundant expanders, uV time for the third depends entirely on the ratio of capacity
tc load and the second depends partly on this ratio. Cooldown of the entire machine
should be accomplished in -10 days.

The management of the large quantity of helium in this system during cooldown and
operation is an important factor in attaining stability. Most cryogenic systems are
designed for constant pressure, and therefore require venting or adding gas to the system
to control pressure whenever there are temperature or other fluctuations in the load. The
RHIC system, on the other hand, is designed to maintain a constant mass of helium in the
load. The intended operating line h shown in Fig. IV.6-5. Cooldown proceeds wixh the
helium pressure in the load at 14 atm. When an average temperature of about 5.8 K is
reached, the helium density will be 0.143 g/cm3, which is the final desired density at the
nominal average operating point (7 atm, 4.4 K). No more helium will be added to the
syrtem after that time. The cooldown, therefore, will phase smoothly into operation.

K.C. Wu and DP. Brown, "Analysis ofCooldow n Performance for l-.iabelle Helium Refrigerator," Adv.
Cryog. Eng. 27, 525 (1981.1.
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During operation, no venting will be required unless the average temperature rises to
5.8 K, in which case the pressure will again be 14 atrn. 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 temperatures 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
?iso, after some initial practice. Thus a complete magnet replacement should take ~6
days.

40 i—r i—r

CONSTANT DENSITY
OPERATION

STEADY STATE
DESIGN POINT

CONSTANT
PRESSURE
OPERATION

I I I I I j I I

0 5 10 15

TEMPERATURE, K

Average Helium Pressure vs.
Temperature of Refrigerator Load

Fig. IV.6-5. Shows constant pressure operation during cooldown at about 14 atm. When the
average temperature is 5.8 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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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
—» 2.5 K.9 These, together with thermistors good below ~7 K, are being used throughout
the cryogenic system including the refrigerator.

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 RHIC. It has proven to be extremely easy to interface with
complicated systems, and has been used by many technicians, both electronic and
mechanical, 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 operator 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 be provided so that the cryogenic
control system can be operated from main control when the RHIC begins operation.

J.H. Sondericker, "Production and Use of High Grade Silicon Diode Temperature Sensors," Adv.
Cryog. Eng., 27, 1163 (1981).
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IV.7. Vacuum System

The RHIC vacuum system consists of two independent systems, each with its own
particular characteristics and requirements: the beam vacuum system, operating in the
1O"10 Ton region, provides the required environment for the circulating beams; and the
insulating vacuum system of less than 10"5 Torr for the superconducting magnet vessels.

i. Beam Vacuum
The major portion of the beam tube will operate at liquid helium temperature which

will result in an immeasurably low pressure if helium leaks are avoided. The 6
interaction regions and the long sections without magnets, which accommodate rf
cavities, injection, beam dump and scraping equipment will operate at room temperature.
The pressure of the warm sections will be less than lxlO"10 Torr with hydrogen being the
major residual gas. At this pressure the beam loss due to beam-gas interaction (see
Section IV.3.vi. Lifetime Limitations) will be 1.5xlO~4 per hour for protons, giving a
beam half life of 4300 hours. Beam life time for gold will be 500 hours. Emittance
growth of 1 mm due to multiple Coulomb scattering would require 400 hours for protons
at y = 30. Since the scattering cross sections vary as (Z/A) , the growth rate for heavier
ions will be proportionately smaller.

Beam neutralization for bunched beams can be avoided by self-clearing due to the
large spacing of -200 nsec between bunches.

The pressure bump instability in the cold bore is not anticipated based on the
experience at Fermi's Tevatron. In warm sections, the estimated T| x / c r i t = 30 will
provide a sufficient safety margin for the design current.

Warm Sections. There will be 48 warm sections of 20 to 40 m in length between the
arcs and the interaction regions as shown in Fig. IV.7-1. The warm sections are separated
from the cold sections by cold-to-warm transitions and gate valves. The design of the
warm beam vacuum will closely follow that of CBA.1 To achieve 1011 Torr, the beam
tubes of the warm sections will be thoroughly cleaned, vacuum fired at 950°C and then
in situ baked at 250°C. The gate valves will be baked only to 150uC since this is the
maximum temperature of the polyimide seal. The warm sections will be roughed by
portable turbomolecular pump stations and maintained at UHV by the combination of
titanium sublimation and sputter ion pumps. Ion pump current and Bayard-Alpert gauges
will be used to monitor and interlock the warm vacuum sections.

Cold Sections. There are 12 bending arcs of 360 m in length and 36 short insertion areas
which have cold bore. Similar to the design of the Tevatron, a pumping port will be
provided every 30 m at an interconnector. The port will be brought out through the

H.J. Halama, "Design and Construction of Vacuum Systems for Large Colliders Using Superconducting
Magnets," Proc. 9th Int. Vacuum Congress, 1983, Madrid, Spain, p. 283
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insulating vacuum (see Fig. IV.7-2) and will be equipped with a 20 £/s ion pump to be
used as a high vacuum gauge during operation. An all-metal hand valve will be used
during roughing and a Convectron gauge used to read pressure during pump down. The
beam tube will be evacuated to below 10" Torr by portable turbopump stations before
the ion pumps are turned on and the cool down starts. To reduce outgassing of the warm
stubs of the pumping ports, they will be baked during evacuation.

The pressure measured at the pumping ports results from a balance between the
pumping of the cold bore and the ion pump, and the outgassing rate of the warm stub.
The base pressure will be immeasurable if the helium leaks are absent. If there is a large
helium leak into the beam tube, helium will migrate slowly along the beam pipe until the
gas front reaches the pumping port and the ion pump. The sensitivity of the ion pumps to
the helium pressure will depend on the temperature and conductance of the stub as well
as the low pressure limit of the ion pumps and their read-out system. Assuming a
reasonable conductance of 10 £/s and the detectable limit of 50 nA of ion pump current
(equivalent to 2x10"10 Torr for the 20 £/s ion pump), the lowest measurable cold pressur3
will be 3xl0~n Torr.2 This cold pressure, for the same gas density, corresponds to a
helium pressure of -2xlO"9 Torr at 300 K.

COLD BORE
MAGNETS

A
COLD BORE

MAGNETS

REGULAR
CELLS

A |< 18m »|

A-. ION PUMP, CONVECTRON GAUGE, HAND VALVE, CROSS

B: COLD CATHODE/PIRANI GAUGES, HAND VALVE, CROSS

C:UHV PUMP STATION, ION PUMP.Ti SUBLIMATION PUMP, ION GAUGE, HAND VALVE

VI: 4" PNEUMATIC VALVE

V3:8"ALL METAL PNEUMATIC VALVE

Fig. IV.7-1. Schematic of vacuum components of typical RHIC insertion region.

H. Mizuno, "Cold bore Vacuum Measurements through the Energy Doubter Sniffer Tubes," FNAL,
UPC-144, March, 1981.
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To minimize vacuum leaks in the cold beam tube it is imperative that no feed
throughs and a minimm. number of welds and bellows be in contact with cryogenic
helium. For the RHIC cold bore beam tube, there are only the two end welds made on the
beam tube that face liquid helium. At the interconnector, a double-bellows design will
separate the beam tube bellows from the helium. A beam position monitor will be placed
in every half cell at the interconnector and its coaxial cables will be brought out of the
dewar through the insulating vacuum. In this way ceramic feed throughs operating at
cryogenic temperatures will not see helium so small leaks will not disturb the beam
vacuum.

To keep the vacuum leaks in the cold section to an absolute minimum, all
components and subassemblies are first leak checked, then cold shocked in liquid
nitrogen and then leak checked again. On-line leak checking sensitivity down to 10"1

Torr£/sec is achievable by monitoring the helium content inside the sealed beam tube
with a residual gas analyzer during magnet warmup. Operational leak checking of helium
contaminated components is done by using HD instead of helium as a probe gas. To tune
to mass 3, the accelerating voltage of the leak detector is increased by a factor 1.3. After
the assembly and cooldown of the arc, helium leaks can be located to the nearest cell by
the pressure distribution as monitored through the ion pump currents. Locally operated
cold sector valves, if installed, will help to confirm the location of the leaks by isolating
the arc beam tube into more manageable subsections.

REGULAR ARC=360m DIVIDED INTO 6 COLD SECTORS
(COLD SECTOR = 2 FULL CELLS)

AA AA AA AA AA AA

VI
77

Q9 Q9

VI

B B B B B B B B B B B B

A: ION PUMP CONVECTRON GAUGE, HAND VALVE, CROSS
B: COLD CATHODE/PIRANI GAUGES, HAND VALVE, CROSS
VI: 4 " PNEUMATIC VALVE

Fig. IV.7-2. Schematic of vacuum components of typical RHIC regular arc.
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ii. Insulating Vacuum
The insulating vacuum will be divided into -60 m long sections by vacuum barriers

installed in the cryogenic vessels. On each 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 kept small.
Instead, portable pumping carts similar to the UHV roughing stations will be used to
evacuate the insulating vacuum through the ports near the vacuum barriers. If a gauge
indicates an increase in pressure, one of these pumping carts will be used to pump on the
volume until the problem is corrected. Panels of bonded activated charcoal, of several
hundred cm in area, will be mounted on a 4 K surface to pump any small helium leaks
which might develop during the operation of the machine. A helium capacity of -10
Torr£/cm2 was measured at CBA tests and will reduce demand on the portable carts.

By far, the most difficult task in achieving good insulating vacuum is the location
and elimination of leaks. To that end, each device and component during manufacture is
leak checked, liquid nitrogen shocked and leak checked again following every major
assembly and welding procedure. The extensive experience/procedures developed for the
CBA project will be adopted for the design and construction of the RHIC insulating
vacuum system.1'

C.L. Bartelson, et al., "The Fermilah Tevatron: Vacuum for A Superconducting Storage Ring," J. Vac.
Sci. Techno!. Al , 187 11983).
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IV.8. Beam Transfer and Injection

i. Principal Characteristics and Parameters
The AGS will serve as the injector for RHIC. Filling RHIC will take initially about

two minutes and later on about double this time per RHIC cycle of ten hours or more.
The reference orbit of the AGS has a circumference of 807.12 m and its harmonic
number is 12. The circumference of each RHIC ring is 19/4 that of the AGS and its
harmonic number during injection is 342 (=6x12x19/4). The AGS will accelerate a
variable number of bunches per pulse (3 heavy-ion bunches with the present booster rf
system), and park them on an extraction orbit when the extraction energy (y=31xZ/A,
with Z and A the charge and mass numbers) is reached. These bunches will be about 17
nsec long, proton bunches will be somewhat shorter. The distance between bucket
centers is 224.3 nsec in the AGS and 37.4 nsec in RHIC. The invariant emittance will be
20TC mmmrad for protons and 10it mmmrad for all particles originating in the Tandem
Van de Graaff. The AGS bunches circulate until they are transferred to one of the two
RHIC rings, where they are received in designated buckets. The AGS extraction line
exists already, and thus injection into RHIC will occur in the 6 o'clock insertion. The
insertion quadrupoles are set for P* = 6m during the filling operation in all insertions in
order to provide sufficient aperture. The AGS extraction system works in the horizontal
plane, RHIC's injection systems in the vertical one. The rings are filled one after the
other. Unless one chooses to transfer all bunches at once, which is compatible with the
present AGS kicker system, it is always the last bunch of the train that is extracted and it
is always injected to form the last bunch of the train being built up in RHIC. The
risetime of the injection kicker determines the best obtainable filling factor of RHIC; it is
intended to make it 95 nsec, so that every third bucket may be filled (filling every bucket
would require it to be <20 nsec). This may be contrasted with the risetime required for
the AGS extraction kicker, which must be <207 nsec (always assuming bunch lengths
<17 nsec).

ii. Equipment
The bunches pass through a transfer line in moving from the AGS to RHIC. A

layout of this line is shown in Fig. IV.8-1. It begins as the existing AGS's fast beam line,
which has been in operation for many years for the neutrino physics program (U-line). A
switching magnet, placed in this line, will define the beginning of a spur which will lead,
via an also already existing tunnel, to RHIC. This arrangement permits normal operation
of the AGS program as long as the switching magnet is off, and interrupts it only while
RHIC is being filled. The spur contains a second switching magnet, the ring selector,
where it splits in two branches, one leading to the RHIC ring in which the particles rotate
clockwise (blue ring), the other to the counter-clockwise (yellow) ring. The design of the
beam transfer line is very similar to the one made for the CBA project, and nearly all of
the components already available or designed for that project are used.



6 O'CLOCK CROSSING POINT

KHIC

BIG BEND

SWITCHING MAGNET

LEVEL DROP "
OF 1.40m

8° BEND

128.458m

AGS

Fig. IV.8-1. Schematic layout of the beam transfer line from the AGS to RH1C.
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The first switching magnet drives the beam into the first section of the beam transfer
line which deflects the beam both horizontally and vertically, such that its axis at the
entrance to the ring selector runs along the intersection of a horizontal plane, 40 cm
above RHIC's median pltyie, and the vertical plane through the machine center and the
crossing point at 6 o'clock. This vertical plane is a plane of reflection symmetry:
reflecting one ring and its beam transfer branch in it yields the other.

The horizontal deflection in this first section is 20° in an arc with an average radius
of 405.82 m, the change in vertical level is 1.4 m. The horizontal deflection and the
change in level are entwined: the former is performed by a string of 8 gradient magnets
in an AG focusing arrangement, the latter by a pair of pitching dipoles, the first one of
which is located between the second and third horizontal deflectors. The first horizontal
deflector functions as switching magnet. The gradient magnets are each about 3.66 m
long, produce a radius of orbit curvature of 83.83 m and carry therefore a field of 1.17 T,
they are separated from each oiher by driftspaces that are 14.05 m long. The second
pitching dipole is placed between the second and third quadrupoles of a string of six
between the last horizontal deflector and the ring selector. These, together with the
quadrupoles in the fast beam line upstream of the switching magnet, provide for
flexibility in the choice of focusing parameters at the entrance of the ring selector. At
that point the beam is nominally free of horizontal and vertical dispersion (X =X' =Y =Yf

=0); however, the system may be reset to compensate for the vertical dispersion
generated by the final drop in beam level of 40 cm in the injection region.

The next section consists of the two branches which begin at the entrance to the ring
selector and end in the injection halls. The ring selector guides the beam via a dispersion
match into one of these two "big bends", strings of gradient magnets which guide the
beam along arcs with average radii of 96.333 m and deflection angles of 1.04 rad each.
The 24 gradient magnets in each big bend are arranged in six cells in a OFoFOODoDO
pattern with horizontal and vertical betatron phase advances of about re/2 rad per cell.

Each big bend ends in its associated injection hall in the 6 o'clock insertion as
shown in Fig. IV.8-2. There it is followed by a string of five horizontally deflecting
dipoles which are located and excited to make the projection of the transfer line axis onto
RHIC's median plane coincide with the reference orbit of the appropriate ring
downstream of the last dipole. These magnets will be about 2.95 m long, deflect the
beam through about 49 mrad each and must therefore have fields of about 1.61 T. Six
quadrupoles for adjustment of the match between big bend and RHIC are imbedded into
this string, one in each space between dipoles and one at each side of the string.

Injection occurs at the end of the last part of the transfer system. This section
contains four special magnets, the last one being the injection kicker, which guide the
approaching beam from its initial level, 40 cm above RHIC's median plane down onto
the injection closed orbit. Their arrangement is shown in Fig. IV.8-3 and their parameters
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Fig. IV.8-2. Six o'clock insertion with location of injection equipment.

-QM16 r-0MI7

INJECTION LINE
ELEV. 645.750'

ELEV. 830.000'
MEDIAN PLANE - 3S1D 060 BS2 07D Q80 Q9D

ELEV. 780.000'-

Fig. IV.8-3. Injection component layout.
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Table IV.8-1. Injection Magnet Parameters

Deflection (mrad)
Strength (Tm)
Field (T)
Length (m)
Aperture, HxV (mm)
Risetime (nsec)

Kicker

1.3
0.132
0.04
3.25
20x40
95

SI2

2.8
0.275
0.196
1.4

Septum
SI1

48.2
4.74
1.14
4.15

SIO

55.5
5.46
1.14
4.77

are listed in Table IV.8-1. The first magnet, SIO, is located directly above ring magnets
BS2 and Q7O. It sends the beam downward, via the last quadrupole of the transfer line,
QMI7, to septum magnet SI1. This is a true septum magnet in the sense that its current
septum separates the incident beam from the circulating one. Leaving SI1 the br:am
passes off-axis through the aperture of the vertically defocusing ring quadrupole Q8O,
then through septum magnet SI2, and is finally bent into the median plane by injection
kicker KI. The kicker will have to provide a bending strength of 0.132 Tm. Its length is
3.25 m, its field 0.04 T and its aperture at least 40 mm vertical by 20 mm horizontal. The
insertion quadrupole Q8O will have a warm-bore aperture and thus requires a larger coil
diameter.

iii. Operation
The mode of operation proposed here is based on the assumption that the conditions

in RHIC represent the standard of reference for all activities. In a setup procedure,
described in Section IV.3.vii, RHIC is made ready for filling and then kept stationary in
that state until it is filled. Similarly, nearly all magnets in the beam transfer system are
excited and also kept stationary. Exceptions are the extraction and injection kickers and
the pulsed septum magnets.

When used for filling RHIC the AGS may accelerate trains of from 1 to 12 bunches.
Just prior to the events leading to extraction the AGS closed-orbit control system is set to
hold the circumference of the closed orbit at 4/19-5 of the circumference of the injection
orbit in RHIC (19/4 is the ratio between the circumferences of the reference orbits, 6 is a
small number, yet to be determined). The acceleration continues and the rf frequency
keeps increasing until its sixth harmonic approaches the rf frequency in RHIC. When the
difference has become small enough a phase-locking loop between the two rf systems
takes over from the radial position loop as controller of the AGS rf frequency and fixes it
at exactly the 1/6 sub-harmonic of the frequency in RHIC with predetermined relative
phases of the charge distributions in the two rings. The bunch that is to be extracted from



the AGS must arrive in RHIC trailing the previous one by a predetermined number of
RHIC buckets, in order to accommodate the injection kicker rise time while maximizing
the filling factor.

Acceleration continues because the AGS guiding field is still increasing. It will be
stopped, by blocking further changes in the guiding field, when the synchronous particles
reach the extraction energy. The strength of the guiding field is taken as a measure for
the synchronous energy and its change is stopped at the instant that it reaches a reference
value. Use of RHIC's guiding field as reference makes the beam transfer process
relatively insensitive to small variations in that field. The closed orbit, which had been
too shon until the phase lock took ever, expands with the continuing increase of the AGS
field. The conditions are chosen such that it will coincide with the extraction orbit at the
instan: that the field increase is terminated. At that moment the phase of the AGS rf
relative io that of RHIC is jumped so as to place stationary buckets around the bunches
and the rf voltage is adjusted to preserve the match between bucket and bunch. These
measures help to prevent dilution of the bunches in synchrotron phase space. It may be
useful to reduce the rate of acceleration and the stable phase angle during the preceding
operations in order to gain time for them, to reduce the changes in the guiding field that
are associated with changes in the (B driven) eddy current distribution, and to lend them
a measure of adiabaticity.

The AGS functions as a storage ring from this point onwards. The bunches in it have
the proper synchronous energy and circulate around on the proper extraction orbit, the
lsst bunch in approximately proper phase relationship to the charge distribution in the
ring to be filled. Any remaining small phase error is now corrected by adiabatic
adjustment.

With its phase now as correct as it can be made to be, the bunch keeps circulating
until its transfer to RHIC is initiated by excitation of the extraction and injection kickers.
Each is triggered by the rf of the ring it serves after some form of coincidence circuit has
flagged the fact that the charge distributions have reached appropriate azimuthal
pos:tions in both rings. This waiting period may last up to 19 revolution periods in the
AGS and up .o 4 in RHIC, thus up to about 51 |J.sec, which time represents a
'superperiod' in the AGS/RHIC cycle. There are two ways to proceed from this point.
Provided that the AGS extraction kicker and the RHIC injection kicker can be built to be
sufficiently stable during the period that beam passes through them, one may transfer all
the bunches in the AGS to RHIC in a single move. The bunches may also be transfered
one-by-one. This would reduce the kicker pulse form problem considerably because the
kicker fields would have to be within tolerance only during the passage of a single
bunch, i.e., during 17 nsec. This method also makes it possible to pack the bunches in
RHIC more tightly than in the AGS, in order to increase the luminosity. It requires
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manipulation of the relative bunch phasing between the two rings after the transfer of
each bunch. This task can be performed in several ways by software in the low level
electronics of the AGS, without serious implications for the final amplifiers. These
readjustments take a time that ranges from a few milliseconds to a few tens of
milliseconds per bunch transfer, depending on the method and the particle species.

iv. Tolerances
Transfer of a beam from the AGS to a RHIC ring will in general affect its quality

adversely. The deterioration may be the result of the mislocation of a bunch's center of
charge relative to its intended synchronous fixed point in 6D phase space, or of a
mismatch between the 6D emittance of a bunch and the lattice functions of the ring in
which it is to circulate. Tolerances must be established to ensure that such deterioration
can be kept within accepted bounds. Some of these tolerances can be relaxed if means
are provided for error correction after injection. Dipole errors, i.e., errors in position or
energy and direction or phase, can be corrected to some extent by transverse or
longitudinal dampers, which have to be present anyway for the control of beam
instabilities. Normally such dampers are not particularly powerful, since they are
intended for damping of coherent motion with infinitesimal small amplitude. That power
has to increase in proportion to the error if the errors to be corrected are not very small,
because the correction must be completed in a time that is small compared to the
decoherence time of the error motion. The betatron decoherence, controlled by the spread
in betatron frequencies due to nonlinearities, and chromaticity and momentum spread,
may be estimated at a few hundred revolutions; the synchrotron decoherence, controlled
by the nonlinearity in the synchrotron motion, takes a time of the order of a synchrotron
period, thus several thousand revolutions, depending on the rf voltage. Betatron errors
must therefore be corrected within several tens of revolutions, while synchrotron
corrections can be allowed to take several hundreds. Assuming that the correction per
turn is proportional with the instantaneous error, one finds that the betatron correctors
must provide each turn a kick that is a non-negligible fraction of the absolute error, e.g.,
correction of a 1% error in the injection kicker, - 1 3 . 4 (xrad, would require a corrector
capability of - 6xlO"4 T-m per turn, in order to have it reduced to 1% of the original
error in 20 turns. The correction system would require a bandwidth that goes well
beyond the bunch frequency of about (27/£)MHz, with k indicating the number of
buckets per bunch in RHIC. Similarly, reduction of energy errors of the order of 10"4, or
3x(Z/A) MeV/u, by a factor 10 in 200 turns would require a wide band accelerating
capacity of the order of 35x(Z/A) keV-u'Vturn.

J. Claus and H.W.J. Foelsche "Beam Transfer from AGS to RH1C" Technical Note RHIC-47 (1988).
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Table IV.8-2. Parameters and Tolerances of Beam Transfer Components.

ftm]
Xp[m]
d [mrad]

AGS H5

Ext Kckr

15
1.5
1.1

2.1xlO"3

AGS H10

Spi Mgn

23
2.2

22
8.5xlO"S

SIO

33

55.5

Transfer line

sn

39

48.2
2.0x10"4

SI2

23

2.8
6.6X10"4

RHIC

KI

45

1.3
l.OxlO"3

There is therefore every incentive to accomplish the beam transfer as accurately as
possible. Strict tolerances can be specified for the dc excitation of the transfer line
components, so that, with appropriate tuning the errors from this source become
insignificant. The errors from the kickers and the pulsed septum magnets cannot be
removed in that fashion and present a source of beam dilution. Table IV.8-2 lists the
parameters and tolerances for several special transfer system components, based on the
specification that the rms relative increase in the transverse phase space volume occupied
by the beam due to these errors remain below 20%, corresponding with a relative loss of
luminosity from this source of 10%, and that each component contributes equally.

The most significant source of error in longitudinal phase space is the possible
mismatch between the synchronous energies of the two rings. Such mismatches are
driven by variations in the guiding field of the AGS while it is in storage ring mode.
Naively one must expect an rrns increase of the nominal bunch area of 0.3 eV-sec/u by a
factor 1.1 from rms relative guiding field errors of 2x10" . It seems possible to reduce
this longitudinal blow-up by a considerable factor by exploiting the fact that the field
error can be measured. The error can therefore be used to manipulate the rf systems in
the two rings in such a manner that longitudinal blowup is largely prevented. A more
extensive discussion of tolerance matters is given in Ref 1.
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IV.9. Beam Dump System

The energy stored in the heavy ion beams is of the order of 300 kJ, large enough to
cause component damage or magnet quenching, if lost in an uncontrolled manner, but
small enough to be disposed of in an internal beam dump system. Whenever deviations
from normal operations are detected which may cause the beam to stray beyond a safe
region within the vacuum chamber, the beam dump system will be activated. The
response time will be about 500 p.sec or less to maintain control over the events in all
conceivable cases of accidents or beam instabilities, and the beam will be aborted in a
single turn (13 |xsec). The same system will serve for routine disposal of the beam prior
to refilling the rings.

An internal beam dump for RHIC has been thought to be feasible, ' because the
energy stored in the beam is relatively small, and the expected secondary particle spray
from the dump would not quench the superconducting magnets. The stored beam energy,
if it can be spread over a sufficiently large absorber volume within the constraints of the
lattice, can be disposed of without resorting to special beam optics of an external
channel. The effects of the secondary particle spray can be estimated by an analogy to
the CBA extraction loss computations,4'5 and the problem is less serious than in the CBA
case where the stored beam energy was to be 40 MJ. If one can maintain a reasonably
similar geometric layout, the RHIC internal dump should be therefore expected to be safe
for stored beam energies up to 300 kJ, the initial design intensity goal.

Nevertheless, it may become necessary to extract the beam to an external dump in
the future. Sooner or later the RHIC beam intensity will increase beyond the initial goals,
and proton operation at four times higher intensity has been mentioned. In that case the
safe operating limits of the internal dump could be breached and the beam may have to
be extracted to an external dump. A very conservative, but more costly approach would
favor extraction to start with. Here we adopt an internal dump for the initial design
parameters of RHIC, without precluding the possibility of upgrading to an extraction
system, when necessary, later.

The task is to eject a normally very small, potentially damaging beam from a
relatively large "dump aperture", the phase space which the beam is permitted to occupy.
In an emergency, when one detects an excursion toward the boundary of this permitted

nRHIC Conceptual Design Report, BNL Report #51932, May 1986.
~J. Claus and H. Foelsche, "'nternal Beam Dump System for RHIC,'' Technical Note RHIC-45 (1988).
4J. Claus and H. Foelsche, "Extraction for ISABELLE" IEEE Trans. Nucl. Science, NS-28, 3065 (1981).
A. Stevens, "RHIC Internal Beam Dump; Preliminary Conceptual Design." Technical Note RHIC-43

5(i988j.
A. Stevens, ' Radiation Heating from Beam Loss on ISABELLE Ejection Septa," IEEE Trans. Nucl.
Science, NS-28. 2924 (1981).
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phase space, one may no longer be able to control precisely where the beam is located.
Therefore, the entire dump aperture must be transferred onto the dump. The beam
absorber will be positioned such that it will be the limiting aperture of the machine at all
times, defining a dump aperture phase space area of 67c mm mrad.

Special measures must be taken to ensure the survival of the dump under the impact
of a very small beam under "worst case" conditions. The beam is smallest immediately
after having been accelerated to full energy, with a normalized emittance of lOn mm
mrad at 2.5 standard deviations. This would distribute the high energy beam over an
effective area of about 2 mm on the dump face, and in an emergency this is the smallest
one can expect the beam to be. It is the worst case, and for routine beam disposal one
could take the time to decelerate the beam before aborting at lower energy, with a larger
beam spot. In any event, deposition of the entire beam in a single spot would overstress
the dump material and would produce a meltdown. Beam cascade computations4 show
that for small gold beams the maximum specific energy deposition occurs at the front
face of the dump. For a small beam of heavy ions with a high charge the specific
ionization at the front of the dump is much higher than that of the developing cascade of
low Z secondary particles further downstream (in strong contrast to the situation for
incident protons or light ions, or for very large beams, where the maximum energy
density develops further inside the material). One single bunch (of the 57 which make up
a total of 300 kJ stored beam energy) will create a temperature impulse resulting in
temporary three-dimensional bulk stresses approaching or exceeding the yield stress of
most absorber materials. The solution to this problem involves the choice of a material,
which has a low expansion coefficient, low modulus of elasticity, and high heat capacity,
or very high strength, over a temperature range of several hundred degrees centigrade,
and one may favor configurations employing stacks of two-dimensional laminations.
Nevertheless, it is evident that one cannot deposit all 57 bunches in the same spot, and
the beam must be spread over a much larger area. This can be accomplished by a twofold
approach: the fast kicker current waveform can be designed to retain an oscillatory
component around the maximum deflection amplitude (say in the vertical direction),
while a slower "sweeper" moves the beam spot sideways. Figure IV.9-1 illustrates the
idea. The pattern illustrated in this figure spreads the beam over about 60 mm2, with
some bunches overlapping. This distribution is sufficiently wide to avoid damage to the
absorber in the worst case.

The layout of the internal beam dump system is illustrated in Fig. IV.9-2. It can be
installed in the inner arcs of the 6 o'clock straightsection as shown in Fig. IV.9-3, where
it was to be located for CBA, or in the undeveloped intersection region at 10 o'clock.
Considerations of radiation at the site boundary and the availability of buildings for
beam dump equipment favor the six o'clock intersection. In these areas the lattice
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parameters favor dumping in the vertical plane. The kicker deflects the beam into a
septum magnet, the septum directs it downward through the sweeper magnet into the
beam dump. The kicker may be located on both sides of the quadrupole Q8 which is
therefore a warmbore magnet with enlarged coil diameter. The septum is placed
immediately behind Q4, followed by the sweeper, and the beam dump further
downstream. The kicker deflection strength will be about 12 kG m, with a full magnetic
aperture of about 7 x 7 cm2, the sweeper will have about the same strength and the
septum will have a strength of about 60 kGm. The kicker rise time will be about 1 (isec,
while the sweeper will rise in about 13 |i.sec. Given the very large size of the kicker,
aiming for much shorter rise times would yield diminishing returns with a
disproportionate escalation of costs. The apertures of the quadrupoles Q6 and Q4 must be
enlarged to an inner bore tube radius of 63 mm, and the bending magnets BS1 and BS2
will be lowered by 10-15 mm, in order to accommodate the deflected beam envelope on
its way to the absorber block. These modifications are required only in the inner arcs of
the 6 o'clock intersection. The layout does not intrude upon the free space of the
crossover region. Therefore the crossover remains available for experimental use.

The ion beams in RHIC will always be bunched. In the early operation of RHIC, and
perhaps throughout the life of the machine, a gap of 1.1 |isec duration will be left in the
beam, leaving out four of 57 bunches. This is done to allow the fast kicker to rise to full
field, without imparting a partial deflection to some of the beam during the rise time. The
partially deflected beam, which would not reach the primary beam dump, would in some
cases not fit into the available geometric acceptance elsewhere in the ring, and would
have to be intercepted on other secondary dumps in the crossover region, before
reentering the lattice and striking there. Moreover, the gap eliminates the chance of
scraping the partially deflected beam on the tangential surface layer of the septum,
thereby greatly reducing the risk of quenching nearby superconducting magnets from
secondary particle spray. Maintaining the gap preserves the intersection for
experimental use.

Preliminary beam cascade computations4 confirm that the internal dump scenario
outlined here should be viable with sufficient safety margin, for the beam intensities
initially envisioned for RHIC. The inherent limitation of the internal beam dump is
reached when, given a maximum effort to spread the beam over the largest possible
volume, the particle cascade density gives rise to internal stresses which damage the
absorber. Then one needs to carry the beam outside the machine for further enlargement
before disposal. In that event, the sweeper and beam dump will be placed on the other
side of the cross over region and the septum magnet will be greatly enlarged to a magnet
string sufficiently strong to deflect the beam beyond the cryogenic vessels of the
intersection quadrupoles, very similar to the arrangement envisioned for the CBA.
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Fig. IV.9-1. Beam dump schematic (viewed head-on). The beam is located within the dump
aperture, before being deflected into the dump block by a fast kicker magnet. A residual
oscillation in the kicker magnet current, and the action of a horizontal sweeper magnet, spread
this beam over an appropriate dump volume, to avoid excessive stresses.
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Fig. IV.9-2. Components of beam dump system

Fig. IV.9-3. Layout of beam dump shown at the 6 o'clock, insertion.
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IV.10 Acceleration and Storage RF Systems

i. General Considerations
The rf system must capture, accelerate and store for many hours up to 114 bunches

of particles. Particle species vary from protons to fully stripped gold ions. Each function
places certain requirements on the overall system design. In fact operation of RHIC will
require three individual rf systems, each of which can function independently of the
other two. Capture and acceleration will be performed by a system operating at h = 342
where / r f = h fQ, with/o being the particle rotation frequency. To maintain short bunches
during storage (i.e. the colliding mode) the bunches will be transferred to a system
operating at h = 6x342. In order to damp longitudinal injection errors of a bunch or
group of bunches and to provide control of coupled bunch instabilities a separate low-
voltage, wide-bandwidth (i.e., > ±57 fQ a t / = 342 fQ) cavity and power amplifier will be
required on each ring.

The h = 342 System
The choice of h = 342 or / r f = 26.74 MHz for acceleration has been retained from

the previous RHIC design. It provides buckets of ample phase width to accept the proton
and heavy ion bunches from the AGS without introducing excessive nonlinearity for
bunches that arrive off-center due to injection errors. In the case of Au a bunch of 0.3
eVsec/u area in the AGS at Vrf = 320 kV (/"rf = 4.45 MHz) has a length of 16.2 nsec or
156° in a 26.7 MHz bucket while proton bunches of the same area will be even shorter
(114°). The voltage required to produce a bucket to match these bunches is 215 kV for
Au, but only 12 kV for protons since their injection energy is much closer to, albeit
above, the transition energy.

The acceleration rate is determined by the ramp rate of the magnetic field B which
for RHIC is 0.05 T/sec. This results in a 60 sec acceleration period and requires that V
sin((»s = 47.4 keV/turn for all species. Taking V = 300 kV then we find that <j)s = 9° and in
the case of Au this results in the same bunch-to-bucket area ratio as for the matched
injection conditions (Vt - 215 kV). For protons and lighter ions the initial acceleration
voltage will be lower. In fact since the bucket area grows with energy at fixed voltage
and 4>s until the transition energy is reached, the voltage could be reduced as a function
of time while still maintaining ample room for the bunches.

There are two methods by which the bunch length can be reduced, using the h = 342
system, so that it will fit into a 160 MHz bucket. These are called bunch compression
and bunch rotation. In the bunch compression method, the voltage is increased
adiabatically so that the focusing force (« V1/2) becomes large enough to produce the
required bunch length (see Fig. IV. 10-1). Since the bunch length is inversely
proportional to Vl/4 while the bunch energy spread AE/E is proportional to V114, the
voltage required to compress a 0.3 eVsec/u bunch of gold ions at top energy (100 GeV/
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u) to just fit into an h = 2052 bucket is V? = 300 kV while that required for protons at top
energy (250 GeV) is only 50 kV.

The bunch rotation method depends upon non-adiabatic or fast changes, compared
to a phase oscillation period, of the rf voltage. One starts with a bunch of length Tl at a
voltage Vj and increases it to a value V2 in a time « t^ the phase oscillation period at V2

and keeps it there for a time zJ4 (see Fig. IV. 10-1). Then the voltage is rapidly reduced
to zero and the higher frequency system is excited at the necessary voltage to match the
bunch shape. In comparing both methods one notes that for adiabatic compression the
final voltage required is VF = (T,/T2) Vx whereas for bunch rotation the voltage is only
V2 = (V, VF)I/2 = (t,/i:2)

2 V,. Hence for the same rf voltage, bunch rotation permits a
greater reduction in the bunch length but at the expense of some distortion due to bucket
nonlinearity. For example if one again considers gold at 100 GeV/u with the same initial
bunch area and V, = 100 kV then in order to produce a bunch that is 270° wide at 160
MHz one finds that V2 = 293 kV (whereas VF = 865 kV). A choice of -400 kV for the
voltage of the h = 342 rf system is desirable to permit some flexibility in operating
conditions. In order to decelerate as well as accelerate the heavier ions this rf system
must also allow for a frequency swing of < 1% (4x10" for acceleration of Au ions
alone).

7\
AE

BUNCH COMPRESSION BUNCH ROTATION

Fig. IV.10-1. Comparison of bunch compression and bunch rotation methods.
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The h = 2052 System
The choice of the frequency for the storage mode rf system is a compromise

between competing factors. The need to provide and maintain a small interaction length
for head-on collisions in the presence of intrabeam scattering in principle can be met by
making the bucket length of the order of 6 times the regular rms bunch length. Then as
intrabeam scattering increases the longitudinal momentum spread of the bunch the rf
voltage is increased proportionally to keep the bunch confined to the bucket. It is not
assumed that the entire bucket width must be occupied in order to control the bunch
length. The basic assumption here is that the intrabeam scattering only changes the
energy error of a particle in the bunch not the phase error. Hence the ability to increase
the focusing force, i.e. the rf voltage, is the key to maintaining a fixed bunch length and
thus interaction length. The rms bunch length ag required to give the rms interaction
length 0j in head-on collisions is

The minimum rf frequency which assures a desired rms interaction length of o1 ~ 20
cm follows to be

f-=h u' ̂ arcsin 4
where h = rf harmonic, 8E = rms energy spread, and AB = bucket half height. Assuming
complete filling of the bucket, i.e., a bunch half height equal to the bucket half height,
one finds the minimum rf frequency to be -160 MHz. Choosing a higher rf frequency
would allow even shorter bunch lengths but would require higher rf voltages and
increase cost. Furthermore, a higher frequency puts more severe demands on the bunch
length during transfer from the acceleration to the storage rf system. The choice of the
harmonic number h = 6 x 342 appears to represent a reasonable compromise.

The voltage requirement of the storage rf system is determined by the bucket half
height AB, taken as twice the rms energy spread of the beam,

n h Inl Y Eo A

with r\ = Y~2 - y~2 and A the atomic mass unit and Q the charge state. In the case of Au
bunches with a rms bunch length of 0.31 m at top energy, the rms energy spread is 5E =
0.25x10" immediately after transfer to the 160 MHz rf system and the initial voltage
required is -290 kV. The final voltage required for gold beams after a 10 hour storage
period depends on the initial emittance as shown in Fig. IV. 10-2. The rf voltage required
for gold beams at 100 GeV/u with an initial normalized emittance of 10K mm-mrad is
nominally 11.4 MV.
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The differential equations governing intrabeam scattering are believed to be well-
understood and reliable. There are, however, uncertainties resulting from the lack of
knowledge as to the beam parameters in RHIC after injection and acceleration through
transition. In view of these uncertainties which mostly impact the rf voltage requirements
and the substantial cost attached to the high-frequency rf system, installation of a lower
voltage rf system on day-one would seem advisable.

It was decided to initially provide a 160 MHz rf system with 6 cavities per ring
capable of achieving 4.5 MV/turn. By intentionally increasing the initial transverse
emittance, this rf system will be capable of maintaining the bunch length during the 10
hour lifetime at the price of a modest reduction in luminosity. This scenario has been
adopted in defining the rf voltage requirements for the h = 2052 rf system with the
provision that additional voltage can be added in the future to increase the average
luminosity. Alternatively, the possibility of adding longitudinal stochastic cooling is
being seriously considered. Damping rates of - 0. I/hour would allow long-term storage
of beams with the small emittances expected from the injector and thus would avoid any
loss in luminosity.

10

Au1 x 10 ions/BUNCH
- sec/u

10h

10JI mm • mrad

t = 10

t = 0

I I I
20 40 60 80 100

ENERGY (y)

Fig. IV.10-2. Dependence of storage rf voltage requirement on energy.

G. Parzen, "Intrabeam Scattering with Stochastic Cooling", RHIC Technical Note No. AD/RHIC-AP-
69 (1988).
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The Wide Band System
The chief purpose of this system is to damp longitudinal injection errors before the

resulting coherent synchrotron oscillations can c^use significant bunch area dilution due
to the nonlinearity of the rf focusing force. This is necessary since the bunches must
eventually be compressed into 160 MHz buckets with some safety margin. One can write

AA _ 25cp _ 25p
A <p Ap

where A is the bunch area, AA is the dilution due to a phase error 5q> or a momentum
error bp/p for a bunch whose half length is (p or half height is Ap/p. Considering the case
of 0.3 eV-sec/» at injection, where <p = 78° at 26.7 MHz and Ap/p = lxlO"3 for Au-
bunches with V342 = 215 kV, and assuming hplp ~ 10 one finds AA/A ~ 0.2 if
uncorrected. The corresponding phase error of the center of that bunch is 8(p = 7.8° and
the position error at X = 1.5 m would be 0.15 mm. The decoherence time i.e. the time
required for particles on opposite sides (momentum error) or ends (phase error) of the
bunch to overlap in phase space is AT = 2K/2ACOS where Aoos = C^so^) <p §<p is the
difference in synchrotron frequency of these particles and (0So is the small-amplitude
synchrotron frequency (<p = 0). The decoherence time is 0.1 sec for these conditions.

Damping of these oscillations could be accomplished by phase modulation of the rf
voltage seen by each bunch individually, with a signal proportional to the momentum (or
position) error of the bunch relative to the center of the bucket defined by the h - 342 rf
system. Alternately, the correction signal could be derived from the phase error between
the bunch center and the rf voltage (a delay of xJA or 90°, at to. would be required to
produce damping). Since the bandwidth of the h = 342 rf system will not permit this,
effective phase modulation is obtained by exciting the wideband cavity with gated bursts
of rf signal at 26.7 MHz that is shifted 90° in phase with respect to the main rf voltage
(e.g. 215 kV for Au at injection). For linear feedback the error will decay like Ape = dp
exp(-r/7) and similarly for a phase error 5<p. Thus at t = 0, Ape = -dp/T from which
follows the maximum voltage Ve required to provide a given (1/e) damping time T. One
can write

1 P pc A dp
y T f o e Q p

with/o the revolution frequency and Q the ion charge state. A damping time of T = 0.1
sec which is equal to the decoherence time is obtained with Ve = 327 V. However this
must be multiplied by 2 since the effective damping averaged over a synchrotron period
is reduced by 1/2 (assuming that T » tS o).

The damping rate can be increased by programming the feedback loop to apply the
same correction voltage as long as the error remains above some minimum value. Thus a
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choice of nonlinear feedback and a maximum correction signal of - 700 V would reduce
a 10"4 error to 10'5 in 77 msec. This will be the design goal for the wideband rf system. It
should be noted that the bandwidth of this system will allow it to control any coupled
bunch dipole instabilities that arise from parasitic resonances in the other two rf systems
that are not completely damped.
ii. The rf Cavities and their Drivers

The 26.7 MHz System Cavities
Because of the constraint on the radial separation between the two rings, the cavities

will be capacitively-loaded, "k/4 coaxial resonators. Two cavities per ring will be used to
develop the -400 kV required for acceleration and bunch length reduction. A preliminary
design has been made and Fig. IV. 10-3 shows a cross section of the resonator. The shunt
impedance is 0.92 M& with a Q ~ 9000 as calculated by Superfish for an ideal copper
structure. Thus the excitation power for a single cavity would be 12.5 kW while the
power delivered to the beam during acceleration is -1.5 kW/cavity. If the number of
bunches and the current per bunch were doubled, the beam power would still be less than
half the excitation power.

OPERATING TUNER
(STEPPER DRIVE)

EIMAC TRIODE
(3CW 30000 )

TUNING SLUG
(SET S LOCK)

MUSHROOM
ALIGNER

Ffg. IV. 10-3. Schematic of 26.7 MHz rf cavity. Dimensions in mm.
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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. The high voltage section having a gap of 4 cm is isolated from the tube
section by a ceramic insulator. The diaphragm opposite the mushroom tunes the cavity
during acceleration. Each cavity is driven by a 3CW3O.OOOH3 triode mounted directly
inside of the low voltage end of the cavity. The tube is tightly coupled to the cavity with
a step-up ratio of ~ 20:1. A 10 kV anode voltage is required and the coupling can be
adjusted by sliding the tube along the stem. The triode will be operated in the grounded
cathode configuration and neutralized using the "split grid neuting circuit." This mode of
operation by virtue of its inherent negative feedback lowers the gap impedance at 0)rf

seen by the beam to <0.1 MQ per cavity. Output power of 25-30 kW is obtainable with <
5kW input power for this combination. The preliminary design concepts will have to be
studied in detail, and both cavity and amplifier modeling will be carried out under an
R&D plan. In particular, coupling mechanisms, higher order mode suppression, ceramic
windows and the mechanical stability of long stem structures must be investigated.

The 160 MHz System Cavities
The twelve storage mode cavities (six per ring) will be similar in design to the 100

MHz and 200 MHz structures that are at present installed on the CERN SPS.2'3

Preliminary calculations using the Superfish program predict a shunt impedance >6 Mii
for copper. A typical example is shown in Fig. IV. 10-4 for which the transit time factor
is 0.93. In order to obtain an effective gap voltage of 750 kV the operating voltage would
have to be -800 kV. If allowance is made for higher order mode dampers, non ideal
copper, tuning and coupling loops the shunt impedance should still exceed 5 MCI so that
-65 kW of excitation power will be required per cavity. This can be provided by a single
tetrode or possibly two triodes mounted diametrically opposite each other (this
configuration can aid in HOM suppression). In addition to the mode of excitation there
are many other choices that must be made before a final overall design is fixed. For
example, should the R/Q be large or small; is there a need for fast tuning using
perpendicularly biased ferrite loop coupled to the cavity in addition to a slower
mechanical system; should the power amplifier employ some form of feedback to lower
the gap impedance seen by the beam; is it desirable to employ a series modulator tube to
control the power amplifiers) plate voltage and hence its gain and to act as a fast switch

D. Boussard et al., "The 100 MHz RF System for the CERN Collider." To be published in the
Proceedings of the first European PAC June 1988, Rome.
P.E. Fougeras et al., "The New RF System for Lepton Acceleration in the CERN SPS." Proc. of the
IEEE 1987 PAC, Washington, D.C.. p. 1719.
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in case one of a pair of cavities fails. Thus considerable R&D effort will be required for
this system even though the mechanical design of the cavities themselves will be based
upon previous experience.

Six of these X/2 = 0.935 m long cavities will occupy 5.6 m of the -20 m straight
section between magnets Q8 and Q9 in the south end of the four o'clock insertion where
the radial separation of the two rings is 90 cm. Because of their radial extent (- 75 cm)
another 5.6 m must be allowed for the six cavities in the other ring. The two h = 342
cavities per ring can be installed side by side and they will occupy another 5.6 m thus
leaving room for cold to warm transitions of the vacuum system.

24

Fig. IV.10-4. Superfish example of 160 MHz rf cavity.
Cavity parameters are shunt impedance Rs = 6.85 Mii, R/Q = 123 £2, peakfield
E = 6.4 MV/m, power dissipation Pd = 72.94 kW.
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The Wideband Cavity
The wideband cavity will be similar to the acceleration cavities i.e., a X/4 coaxial

resonator with / r e s = 342 fQ. However there will be no tuning, the gap will be ceramic
and directly coupled to the power source. The latter will be a wideband (10 kHz - 220
MHz) 5 kW power amplifier capable of developing 700 V of pulsed 26.7 MHz signal
into a 50 Q load which will be connected across the cavity gap. In order to insure that the
cavity impedance is » 50 Q over a bandwidth of +57/o , which is the minimum required
to control all the coupled bunch modes for 114 bunch operation, an RIQ > 175 Q. is
necessary.

The cavity is then a strongly overdamped resonator (Q ~ 1/7 for RIQ ~ 175 Q.)
whose transient response determines how well the system operates on a bunch to bunch
basis. For 114 bunch stacking the correction signal would consist of pulses of three 26.7
MHz rf cycles. It can be shown that the worst-case scenario would result in 1% of the
correction signal for one bunch remaining when a following bunch, if present, passes the
gap. Further reduction of the transient amplitude is possible but this can only be
accomplished by actual system testing.

Since this cavity can be driven remotely by coaxial cables it can be mounted on the
insertion side of Q4 where the ring separation is still - 80 cm so that both units can be
opposite each other. If 700 V is not sufficient to control injection errors then a second
cavity can be added to allow pushpull excitation with two power amplifiers each driving
one half of a 100 Q gap termination.

iii. Beam Loading and Low-level rf System

Control of Beam Loading
As pointed out above static beam loading of the h = 342 rf system during

acceleration will not be a problem since the power given to the beam is less than the
cavity excitation power. However the beam induced voltage due to the 26.7 MHz
component of beam current can be harmful during injection of protons when the required
gap voltage is only 6 kV/station and in the storage mode for all species when the h - 342
system is "off. Two methods of reducing this voltage will be employed. The split grid
neutralization scheme mentioned above which lowers the gap impedance seen by the
beam is one. The other will be a feed-forward compensation signal derived from a
pickup electrode. It will be filtered, amplified and phase shifted 180° with respect to the
beam image current at the cavity before applying it to the power amplifier drive signal. A
further reduction by a factor between 5 and 10 of the dynamic gap impedance seen by
the beam at / r f and the sidebands at multiples of fQ within the cavity bandwidth is
possible with this compensation method.
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Control of the beam-induced voltage on the gaps of the 160 MHz cavities using the
methods mentioned above is not considered feasible for the following reasons. Since no
further improvement is possible from the feed-forward compensation (which is not a
closed loop) the amount of feedback required to effectively lower the gap impedance
would be much greater due to the large shunt impedance of these cavities. Also the
power tubes required are physically larger while the wavelength is six times smaller.
Instead it is planned to excite these cavities at reduced level as soon as injection is
started and to maintain this level during acceleration so that they will always be properly
tuned when transfer from the h = 342 system is performed. Since there are six units they
will be operated in pairs with a drive signal phase locked to the h = 2052 harmonic of the
beam current but in phase opposition to each other. Thus as far as the bunches are
concerned the net voltage per turn will be zero. A feed-forward signal will be added tc
each cavity to compensate the transient signals that occur as the bunches are injected and
that arise due to the fact that not all of the nominal 57 (or 114) bunches will be present
under any mode of operation.

The tuning loops will be activated by the component of beam current at / r f = 2052 fQ

hence the cavity resonance will track the small changes i n / o during acceleration. Since
the detuning angle will be of opposite sign for each cavity pair their effect on the
stability of the acceleration if system should be neutral. This also insures that no coupled
bunch mode will be excited by any main cavity resonance. At transfer the net voltage is
varied by controlling the amplitude of the drive signal to one member of each pair of
cavities. This will of course affect the tuning angle and it is at this time that the need for
a fast tuning loop might arise. A detailed study of this process remains to be carried out.
It should be noted here that making one rf system transparent to a group of bunches
controlled by another system has been accomplisned in the two pp colliders now in
operation i.e., the CERN SPS and the Fermi Lab Tevatron.

Control Signal Considerations
In the storage mode it is assumed that essentially no dilution of the bunch width

occurs. This requires that the rf signal contain very little noise at multiples of the
synchrotron frequency around 160 MHz (fs = 51-221 Hz for 100 GeV/u Gold) and at
those sidebands spaced by multiples of fQ within the bandpass of the cavity. Since the
bucket will be nearly filled by the bunches all the time there will be a large spread in
synchrotron frequencies present. This will put a tight requirement on the allowed noise
level. A single bunch phase lock loop and low noise voltage controlled oscillator, along
with a low noise frequency control loop as used on the CERN SPS collider, will be
employed to reduce the effects of noise on all of the bunches.
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The error signal that will be used in generating the correction voltage to be applied
to the wideband cavity will be obtained by measuring the radial position variation of
each bunch at a dispersion maximum location. The digitized position signal will control
the amplitude of a burst of three to six cycles of the 26.7 MHz rf frequency. For a 10*4

error in Ap/p one obtains Ax = XAApIp) = 0.15 mm which is ~ 4x10" of the 38 mm
radius of the strip line position monitor. Assuming 12 bit digitization full scale, the LSB
corresponds to -9 |i.m so that an appropriate choice for switching from non-linear to
linear feedback would be at the two bit or 19 |J.m level. This degree of resolution has
been achieved with similar sized pickups in the CERN SPS and thus should be an
attainable design goal.4

R. Bossart et al., "Synchronous rf Receivers for Beum Position and Intensity Measurements at the
CERN SPS Collider," IEEE Trans. Nucl. Sci. NS-32, 1899 (1985).
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IV.11 Beam Instrumentation

Operation of the collider and achievement of full design luminosity will require
continuous monitoring of many beam characteristics. Initial instrumentation will include
beam position monitors at each quadrupole and at additional locations in the insertions.
Beam transfer and machine start-up will require single-pass position monitoring in the
transfer lines and the adjoining ring sextants. The DC beam current will be measured
with a special transformer while the individual bunch shape will be monitored with a
wideband wall current pickup. Feedback systems will be provided to suppress transverse
instabilities and to correct for injection errors of individual bunches. Radiation monitors
will be used in conjunction with the beam scraper system to control and minimize beam
losses. Luminosity monitors, required at each intersection region, will be part of the
experimental equipment. A summary of beam instrumentation systems is shown in Table
rV.11-1 and more detailed information on the most important items is given below.

Table IV.11-1. Beam Instrumentation

Instrument
System

• Beam current
monitor

• Luminosity monitor

• Radiation and loss
monitor

• Orbit position
monitor

• Wide band wall
current monitor

• Tune Measurement &
Transverse Feedback

• Transverse Schottky
Noise Detectors for
Bunched Beams

o Beam profile

Basic
Elements

Transformer/magnet
modulator
Scintillation counter
telescopes/beam
displacement coil
Solid state detectors

Stripline electrodes

50 £2 Stripline Kickers

Resonant movable
pick-ups

Wire scanner

Function

Circulating 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

Transverse beam size

Total
Number

2

6

50

500

200

2

4

4

2

Experimental equipment in crossing regions
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i. Beam Position and Closed Orbit Measurement
The properties of the circulating beam will themselves be a very sensitive monitor

of the performance of the superconducting magnets in each ring. It is planned to measure
the position of the closed orbit, that is the center of the beam horizontally or vertically,
at 250 locations in each ring, spaced at intervals of about one quarter betatron
wavelength where vertical and horizontal p* functions are maximum. This information
can be exploited rapidly enough to be used in lattice control and feedback procedures in
a real time sense without prolonging the expected acceleration time. In addition to
measuring the closed orbit, which assumes no coherent transverse bunch motion, the
electronics that processes the signals from the pickup electrodes will also be capable of
measuring the position of an individual bunch on a turn by turn basis.

The beam position signals will be obtained with 50 £2 stripline pickups of
approximately 20 cm length that sense both the electric and magnetic fields of the
bunches. Each location will contain a pair of pickups whose upstream ends will be
connected to 50 Cl coaxial cable that will transmit the signal to remotely located
processors. At present it has not been decided whether the downstream ends (where in
principal no signal should appear) will be terminated in 50 £2 internally, shorted, or also
connected to 50 Q coax and terminated external to the magnet dewar. The latter choice is
the most conservative but implies an additional heatload on the cryogenic system.

ii. Beam Current Monitors
These monitors will be very sensitive "DC" transformers having a large dynamic

range with a resolution of -10 ft A and with calibration windings similar to those used on
the CERN ISR. They will be used to monitor both the beam current and the current loss
rate. Output from these units will be used in many control programs and will also be a
source for a hard-wired beam dump trigger.

Hi. Radiation Monitoring System
The radiation monitors (beam loss detectors) will most likely be solid state devices.

At least 50 units (up to 200 eventually) will be mounted on the magnet cryostats at
selected locations near horizontal p* function maxima around the rings. They will be used
in conjection with beam scrapers and aperture defining fingers to localize and control
beam losses. They can also provide a trigger for the beam abort system.

iv. Betatron Tune Measurement and Transverse Feedback
This system will employ 50 il strip line kickers at least 1.5 m long in each plane.

These kickers which produce both electric and magnetic deflection can have a wide
bandwidth. They will be used in conjunction with strip line pickups located in regions of
low dispersion to control injection errors, to excite coherent betatron oscillations in order
to measure the tune and to suppress coherent transverse instabilities. By using stripline
deflectors the system bandwidth required to operate on each bunch individually (for 114
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bunches) can readily be achieved. Wide band power amplifiers (10 kHz to 200 MHz)
will be used to provide the peak deflections required to cope with the expected injection
errors and the gain required to control the growth of coherent instabilities.

In order to estimate the power required the following parameters are considered;
length of line L = 1.5 m; radius of strip line b = 3.8 cm; radius of chamber a = 4.56 cm;
angular width of strip line <j> = 60°; impedance of strip line Zc = 50 £2. The transverse
momentum gained by a particle as it passes the deflector which is driven at the frequency
co can be written as

F L sin6

where 6 = (oL/r, F = 2ek^ZoP is the force acting on the particle and

Here 2O = 377 Q the impedance of free space, the term (1 - b2/a2) represents the field
reduction at the center due to image currents in the vacuum chamber and P is the peak
power at the frequency (0. For a pair of plates, one has

Ap = 10.7 keV-c^/kW172 x ft ^
o

so that for P = 2 kW (corresponding to 1 kW average power) the deflection is 30 keV/c
with a bandwidth of -45 MHz (sinG / 9 = 0.7). Thus at injection where p ~ 30 GeV/c the
angular deflection would be 0.5 .̂rad measured at a location where P = |iK, the value at
the deflector location. In order to increase the damping rate for injection errors the gain
will be programmed so that the maximum kick is applied every turn as long as the
oscillation amplitude is above some pre-determined value. It nM be shown that the
resulting, constant damping rate, is 4/JI times greater than the initial rate tor proportional
damping which produces an exponential, rather than a linear decay of the error. Once the
minimum amplitude is reached proportional damping for the bunch is reinstated in order
to suppress any potential instability.

v. Transverse Schottky Noise Detectors for Bunched Beams.
In order to control me 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 spectrum of signals caused by the
transverse motion of the individual particles. However with bunched beams there is
always present a strong coherent signal, due to the bunching, whose power is - N times
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greater 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.

vi. Beam Profile Monitor
This will be a rotating wire device similar to what is used in the CERN SPS since

high scanning speed is required to minimize the heating of the wire. For a 25 (j.m carbon
filament the temperature rise AT can be written as '

AT = 3 8 x l 0

MeV v /(eff S

where N is the number of particles, dE/dx =1.7 ieV/gcm" is the specific energy loss,
S = 0.45 cal/g°C is the specific heat of carbon, / is the rotation frequency, v the wire
velocity, and heff = ̂ 2K<5. If we put N = 2xlO13, Z = 1 (protons) which at 250 GeV/c will
have a o = 0.6 mm or /2gff 1.5xlO"3 m and take v = 5 m/sec then AT = 3126°C since/ =
78 kHz. This is considered & tolerable value and could be exceeded by perhaps a factor
of two. However when we consider gold (Z = 79) where G = 0.9 mm ((} = 50 m) at 100
GeV/u, then we find that only 5x10 particles are required to produce the same ~ 3200°C
rise. Increasing v would of course raise the limit but reduce the resolution i.e. at 5 m/sec
and 78 kHz the wire moves 0.064 mm/turn which for the proton beam with a o = 0.6 mm
is satisfactory. Thus a factor of ten in v (if possible) would permit scanning the nominal
intensity in 50 gold bunches but at the expense of a resolution comparable to o. Thus a
wire scanner suitable for intense gold beams would depend upon future developme -

2J. Bosser el. al., Nucl. Insir. Meth., A235, 475 (1985).
T. Bosser et. al., Proc. 1987 IEEE Panicle accelerator Conference, Vol. 2, p. 783.
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IV.12 Control System

The function of the central control system is to provide the control and communica-
tion necessary to provide stable, well defined beams in the RHIC rings. It must translate
operational requirements for basic physics requirements, such as beam energies, intensi-
ties, and for special characteristics into instructions which govern thousands of individ-
ual elements within the collider rings. As in other modern accelerators, the RHIC control
system must support the needs of typical subsystems which provide beams, power, rf,
and other services. Moreover, computer aided control procedures now include simulation
techniques which review the predicted effect of changes in the operating conditions
before they are committed 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/u). A simultaneous
need therefore exists for both high reliability and the ability to bring up beams in a
relatively short time.

There are no intrinsic reasons for long delays in producing beams because the
collider employs simple boxcar stacking and accelerates relatively low currents rapidly.
Tevatron, running in collider mode, is able to restore beam in less than 15 minutes
following routine run termination. This is made possible by excellent monitoring
software and substantial reliance on computer assisted beam tuning.

To meet the reliability requirement a controls design goal has been established
which stresses 10 day system availability and protection against control and data loss.

The essential features of the distributed computer control system being used in the
AGS complex, including the Booster Project, will be adapted for the collider. The
conceptual design, is similar to systems developed independently for LEP at CERN and
to those evolving in the commercial controls industry.

The structure of the system is that of a three-level hierarchy shown schematically in
Fig. IV.12-1.

The console module is at the highest level of the control system hierarchy. This
module 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 signal acquisition 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 the transaction processors are expected to be modern 32-bit
work-stations. These work stations provide the operators with a modern graphics-
oriented working environment, with computing power enhanced by shared network
resources. The most powerful of these resources, the analytic computer, will help guide
beam management procedures to prevent beam loss. It will be a specialized processor
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with an effective processing speed of over 50 million instructions per second. Tests of
sample tracking programs have led to this specification.

The console module will be connected to the distributed components of the control
system by a commercial local area network (LAN). The maximum data rate of one LAN
ring will be between 10 and 12 Mbit/sec. It is likely that several rings will be used for
major different subsystems like magnets and instrumentation. The LAN used in the
Booster Project utilizes the token-ring architecture with its inherent error detection and
correction and strictly deterministic protocol.

At the second level of the control system hierarchy are processors called stations.
The stations will also be work station processors located uniformly around the ring and
in the principal utility centers. They will connect the process control elements in one
geographical area, and they will be responsible for routine monitoring and archival
logging of process performance.

DEVICE
CONTROLLERS

COMPUTING
ENGINE

TRANSACTION PROCESSORSr

CONSOLES

Fig. IV. 12-1. Structure of RHIC control system.
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At the lowest hierarchical level are the device controllers which perform process i/o.
These devices are constructed using microprocessors and/or logic components and act as
intelligent instruments to control and monitor physical devices (power supplies, instru-
mentation, etc.). Many of these controllers will require special timing links and real-time
operating systems, but principal communication to the outside world will be via local bus
to the stations.

Timing links to device controllers will be supplied by a timing system similar to that
being built for the Booster project, which will be extended to the whole AGS complex.
This system is adapted from one currently in use at the FNAL Tevatron. Coded signals,
which represent preselected accelerator events, are distributed on a universal timing link
which feeds all controller locations. A local decoding unit selects events relevant to
processes at that location and routes the appropriate pulses to the controllers.
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V. CONVENTIONAL SYSTEMS

V.I. Ring Tunnel, Experimental Halls and Conventional Facilities

The availability of the CBA conventional facilities for use in the Relativistic 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. 1-2). 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 making the ring
operational. These areas will be available for development as experimental facilities at a
later date thus maintaining the option of adding experimental halls for future experimen-
tal needs.

The experimental halls at 2, 6 and 8 o'clock are fully enclosed structures 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-1 gives the dimensions, crane capacities and beam heights in each
of these facilities ^^ve l l as the 4 o'clock open area. This area has a concrete deck
capable of supporting portable shielding blocks in varying configurations. All conven-
tional services including a support building are in place.

The Collider Center (approximately 50,000 sq ft), consisting of a Cryogenic Wing, a
Compressor Structure and a four level Main Building is complete. The air conditioned
main building contains technical shops, an RF/Power Supply wing, office and conference
room space and space for the collider control center. The RHIC cost estimate includes
funding to complete such items as a power substation for the accelerator rf and Power
Supplies Wing, site improvements such as paved access roads, hardstands, parking areas,
yard lighting and general restoration of facilities and grounds.

Construction of the utility services, roadways, drainage and other site improvements
for the CBA have been underway since 1979. All have been complete except for some
paving and site work. The extension of the 69 kV substation was completed in May
1982. The underground ductbank for electrical power and communication distribution
was completed in 1981. Installation of conventional power feeder cables to the Collider
Center was finished in 1982. Installation 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 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
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Table V.l-1. Summary of Hall Dimensions (m)

2.

4.

6.

8.

Small Angle
Central Hall

Forward Expermental
Building

"Stub"

Open Area 4

Wide Angle

Major Facility
Central Hall

Forward Experimental
Buildings (2)

Assembly Building

Length

28

68

91

57T

16

19

16

19

Width

12

7.9

2.4

29f

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

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 to make the ring operational. These costs are
included in this proposal.
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V.2 Shielding

The earth shielding surrounding RHIC is shown in Fig. V.2-1. The plan view in this
figure shows the radial "lobes" of earth which extend outward to a maximum distance of
300 ft from the tunnel center line at the center of each arc and present a minimum
thickness of 13 ft in the vertical direction as measured from the beam elevation. These
lobes are necessary to attenuate radiation from (penetrating) muons to the design level of
5 mrem/yr at the nearest site boundary.1 The "typical section" through the shielding
shown in Fig. V.2-2 shows two thicknesses of earth above the tunnel enclosure. Most of
the ring has a 13-foot vertical earth cover, but in the region of the Collider Center, where
non-radiation workers are present and where occupancy is high, the vertical cover was
increased to 19 ft.

FUTURE

SHIELDING PARAMETERS ARE GIVEN
AS PERPENDICULAR DISTANCES (FEET)
FROM t OF RING. (TYPICAL)

MOTE
THE MUON SHIELDING

PARAMETERS SHOWN ARE
MINIUUMS ASSUMING THAT
THE ACCELERATOR IS CON-
STRUCTED ON A PLANE
(REFERENCE GRADE) ACTUAL
FINISHED SITE CONTOURS
INCLUDE THESE MINIMUM
LIMITS DIMENSIONS SHOWN M E
FROM C OF TUNNEL TO EDGE
OF SHIELD

LION
SHIELDING

Fig. V.2-1. Plan of accelerator ring.

P.J. Gollon and W.R. Casey, "ISABELLE Shielding Criteria and Design", Health Phys 46, 123-131
(1984).
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Because the existing shielding was designed for the ISABELLE project, it is
necessary to compare anticipated loss between ISABELLE and RHIC. ISABELLE was
designed to accelerate 3xlO17 protons per ring per year to 400 GeV, or 2.4x10 GeV/yr.
Although RHIC is designed to operate with many species and energies, a conservative
estimate of the annual accelerated energy has been placed at the equivalent of 4.3x10
Au ions per ring per year at 100 GeV/nucleon,2 or 1.7xlO19 GeV/yr. The radiation
burden of RHIC will therefore be approximately one order of magnitude less than that
for which the shielding was designed.

A variety of calculations have been performed to verify the adequacy of the RHIC
shielding. These calculations rely on the computer code CASIM3'4 to simulate the intra-
nuclear cascade.

Radiation at the site boundary is dominated by neutron skyshine, airborne radioac-
tive emissions, and muons escaping the shielding lobes. Using the (conservative)
scenario for "normal" beam loss given in Ref. 2, tow e her with CASIM results and the
methodology of Stevenson and Thomas,5 a skyshine dose of 0.5 mrem/yr is predicted,
while airborne emissions should contribute only 0.02 mrem/yr. Muon dose at the site
boundary has not yet been calculated. Based on the ISABELLE result, the muon dose
should be well below 5 mrem/yr with one possibly significant exception. ISABELLE had
an external beam dump below the tunnel floor elevation; muons emerging from the dump
were generally headed downward and thus encountered greater shielding than the lobes
shown in Fig. V.2-1. If future calculations show that muons emerging from the internal
dump assumed in the present design exceed 5 mrem/yr, an external dump will be
adopted.

As mentioned above, the collider center is a special location because of high
occupancy and the presence of non-radiation workers. The combination of direct radia-
tion (from beam-gas interactions and limiting aperture collimators assumed to exist near
the entrance to each arc) and skyshine amounts to ~6 mrem/yr, well below the laboratory
guideline limit of 25 mrem/yr for non-radiation workers.

A.J. Stevens, "Radioisotope Production in Air and Soil in RHIC", RHIC Technical Note No. 29,
(1987). See especially Appendix A in this note.
A. Van Ginneken, "High Energy Interactions in Large Targets", Fermilab, Batavia, II, (1975) and
"CASIM. Program to Simulate Hadronic Cascades in Bulk Matter", Fermilab, FN-272 (1975).
A.J. Stevens, "Improvements in CASIM; Comparison with Data", AGS/AD/Tech. Note No. 296,

s(1988).
G.R. Stevenson and R.H. Thomas, "A Simple Procedure for the Estimation of Neutron Skyshine from
Proton Accelerators", Health Phys. 46 115-122, (1984).
"Environmental Analysis Report. Relativistic Heavy Ion Collider", Draft version of June 9, 1988. See
also Ref. 2 above.
A.J. Stevens and A.M. Thorndike, "Muon Shielding Requirements for Present Configuration",
ISABELLE Project Tech. Note No. 65, (1978).
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The maximum on-site dose rate is expected to occur directly over the dump location
and is calculated to be -17 mrem/hr during periods of beam studies. This implies the
necessity to designate this location as a "radiation area" and to restrict access with
appropriate fencing.

In addition to "normal" loss, the possibility of fault conditions must also be
considered. An example of a "credible fault" would be failure of the beam dump kicker
coincident with a magnet quench. Such a fault would likely result in -20% of the beam
interacting at a single point and would require considerable accelerator downtime to
repair the resulting damage. For primarily historical reasons, it is traditional to consider a
"catastrophic fault", defined as loss of 100% of one of the beams at a single point. Such a
fault would cause -83 mrem at the top of the 13-foot shielding beam. One such
catastrophic fault per year would increase the annual dose in the Collider Center by 0.7
mrem and at the site boundary by 0.006 mrem. This is much less than the dose from
normal operation and is therefore of no concern.

TUNNEL a BEAM

MUON SHIELD DIMENSION

MAX. 0ESI6N SHIELDING

MIN. DESIGN SHIELDING

Fig. V.2-2. Typical section through RHIC tunnel showing maximum and minimum earth cover.
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VI. COST AND SCHEDULE

VI.l. Construction Cost

The RHIC cost estimate was developed by accumulating costs utilizing the
"botioms-up" approach for each technical system. System managers prepared estimates
for various cost centers, i.e., direct and indirect labor, purchased material, as well as
other distributed costs for all work breakdown structure elements.

Cost reviews were held by the Project Management Team and then presented to
BNL management.

The RHIC Project Management Team developed the present cost estimate assuming
a construction start in FY 90 and scheduled for completion in FY 96. All costs are shown
in FY 90 dollars.

The following RHIC Work Breakdown Structure (WBS), represents the framework
of the project's technical, cost, and scheduling effort. The WBS shows a detailed
breakdown for the following Level 2 construction elements.

WBS 1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12

Magnet System
Magnet Electrical System
Cryogenic System
Vacuum System
Injection System
Beam Dump
RF System
Beam Instrumentation
Control System
Conventional Facilities
Detectors
Project Services

Figure VI-1 represents the WBS framework for the related R&D and start-up effort.
All project costs are shown in Table VI-1.
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24-Mar-89

RHIC UORKBREAKDOUN STRUCTURE

2 . 0 RHIC • R&D AND STARTUP COSTS

2.1 ACCELERATOR R&D

2.1.1 MAGNET SYSTEM
2.1.2 MAGNET ELECTRICAL SYSTEM
2.1.3 CRYOGENIC SYSTEM
2.1.4 VACUUM SYSTEM
2.1.5 INJECTION SYSTEM
2.1.6 BEAM DUMP SYSTEM
2.1.7 R.F. SYSTEM
2.1.8 BEAM INSTRUMENTATION
2.1.9 CONTROL SYSTEM
2.1.10 ACCELERATOR PHYSICS
2.1.11 ADMINISTRATION

2.2
-I
DETECTOR R&D

2.2.1 READOUT ELECTRONICS DEVELOPMENT
2.2.2 TECHNIQUES FOR PARTICLE IDENTIFICATION & TRACKING
2.2.3 CALORIMETER TECHNIQUES
2.2.4 DATA ACQUISITION & TRIGGERING
2.2.5 SYSTEM INTEGRATION STUDIES
2.2.6 PARTICLE SEAM & OTHER TEST FACILITIES

2.3

2.3.1
2.3.2
2.3.3
2.3.4
2.3.5
2.3.6
2.3.7
2.3.8
2.3.9
2.3.10
2.3.11

START-UP

MAGNET SYSTEM
MAGNET ELECTRICAL SYSTEM
CRYOGENIC SYSTEM
VACUUM SYSTEM
INJECTION SYSTEM
BEAM DUMP SYSTEM
R.F. SYSTEM
BEAM INSTRUMENTATION SYSTEM
CONTROL SYSTEM
ACCELERATOR PHYSICS
ADMINISTRATION

Fig. VI-1. RHIC R&D and start-up work breakdown structure.
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Accelerator Sys. & ED1A
Magnet System
Magnet Electrical Sys.
Cryogenic System
Vacuum System
Injection System
Beam Dump System
RF System
Beam Instrumentation
Control System
Accelerator Physics
Construction

SUBTOTAL
Conventional Facilities

Construction
A/E

SUBTOTAL

Detectors
Detectors

Project Management
Management Systems
Quality Assurance
PM Administration

SUBTOTAL

FY90$ Total
(w/o contingency & inc.

Inc. O/H
Contingency

FY90$ Project Total
Escalation

AY$ Project Total
(obligations)

AY$ Project Total
(expense)

Table

FY90

5733
0

27
0
0
0
0

27
0

328
0

6115

0
0

0

0

328
109
655

1092

7207
O/H)

109
184

7500
0

7500

5800

VM.
Current

($ in

FY91

12230
109
273
109
109
109
109
109
109
218

55

13539

0
0

0

2184

328
164
710

1202

16925

437
1429

18791
1209

20000

16300

RHIC Construction
Profile Plan

thousands)*

FY92

22004
1147
3986

655
873
355
601
573

1201
218

55

31668

2184
819

3003

8736

328
164
764

1256

44663

874
3425

48962
6038

55000

43400

FY93

16217
4259
6661
1420
2894

683
1857
764

3168
218

82

38223

3003
0

3003

21840

328
164
874

1366

64432

1747
9623

75802
14198

90000

80500

FY94

11139
5788
5815
2622
6444
3057
2348
1966
5296

218
82

44775

0
0

0

21840

328
164

1037

1529

68144

1856
9248

79248
20752

100000

93500

FY95

10429
5079
2130
2621
2622

709
3276
819

3767
218

0

31670

0
0

0

21840

328
218
874

1420

54930

2402
17888

75220
25280

100500

106200

FY96

0
0
0
0
0
0
0
0
0
0
0

0

0
0

0

0

0
0
0

0

0

0
0

0
0

0

27300

TOTAL

77752
16382
18892
7427

12942
4913
8191
4258

13541
1418
274

165990

5187
819

6006

76440

1968
983

4914

7865

256301

7425
41797

305523
67477

373000

373000

*Amounts are in FY90S except where noted (bottom line).
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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 July 1996. The Construction Master Schedule with system milestones is
shown in Fig. VI-3 and a Log of Construction milestones is given in Table IV-2.

The Magnet R&D and Production Schedule, Fig. IV.4-31, shows construction
starting in FY 90, with the buildup of the magnet production rates from FY 91 through
FY 95. The four-year magnet production schedule is predicated on the availability of
funding for R&D work according to the plans discussed in Section IV.3.

RHIC
COLLIDER SYSTEM NETWORK

OCT 89 OCT 90

PROJECT
START

MAGNET
PRODUC-

TION
START

SEP 95

MAGNET
PRODUC-

TION
COMPLETE

OCT 95

MAGNET
INST.

COMPLETE
2 RINGS

VACUUM SYSTEM COMPL - p ^ >
• CRYO DISTRIBUTION COMPL -\

BEAM DUMP INST. COMPL - 1

NOV95 JAN 96

RF SYS. COMPL - |
MAGNET ELECTRICAL SYS. COMPL

INJECTION SYS. COMPL -
CONTROL SYS. COMPL -

BEAM INSTRUMENTATION COMPL
UHV SYS. COMPL -

8EAM DUMP SYS. COMPL - '

JAN 96 MAR 96 JUL 96

Fig. VI-2. RHIC collider systems network.

265



N

ON

3

JO

X
n
3

O

Q.

O
W

s
o

5"

CAlflWAR YEARS

FISCAL YEARS

RHIC PROJECT

UAGNET SYSTEM

MAGNET ELECTRICAL SYSTEM

CRYOGENIC SYSTEM

VACUUM SYSTEM

INJECTION SYSTEM

BEAM DUMP SYSTEM

RF SYSTEM

BEAM INSTRUMENTATION

CONTROL SYSTEM

ACCELERATOR PHYSICS

DETECTORS

CONSTRUCTION

RHIC MASTER SCHEDULE
1990 1S91 1992 1993 1994

T i 1 i T i 1 i T i I i
I I I I I I I I I I I I I I I I I I I I I I I I I I I 1-1 I I

12/1/88

1995 1996

(993 1999
I I I I I I I I I I [ I I I I I I I I I I I I I I

MAGNET FTNAL'DESIGNS
PRODUCTION FOR LARGE

START DETtCTORS

I I I I I I
START ASSY

OF LARK
DETECTORS

I " l " I I I TI I I I I I I I I I i i I I I I

ARC DETECTORS IN CONSIR. ARCS
SEXTANT EXPERIMENTAL HALLS COUPL COMPL

V7

PRODUCTION
ITS!..ARC51!

INSTALL*

sz.

MAGNET
PRODUCTION

OMPLETE

MAGNET
PRODUCTIO

50X COMPL

PRODUCTION
START
QUAD

BEAM CIRC-
RINGS COLD — .

MASNET PROD. "INCS
COMPLETE i a M P L

1996

S T A T
QUAD ARC

INSERTION MAGNETS
MAGNETS COMPLETE

W V7 JSSZ_

FLAT TOP
P.S

INSTAU£D
• V

MAIN R1NC QUAD

INSTALLED ^STALLED

: ? v

INSERTION
QUAD ELECTRICAL

P.S. SYSTEM
(STALLED INSTALLED COMPLETE

S7 SZ SZ

p.s.

TBAHSTER CBTOG€NIC
UNE DISTRIBUTION-

PROCUREMENT SYSTEM
COUPLETE INSTALLED •

S 7 ^ 7

SEXTANT
VACUUM.

COMPLETE

START
COMPONENTS
INSTALLATION

S7

Y-DEHD
DIPOLE-

PRODUCTION
COMPLETt

57

BEAM FAST
RANSFERRED KICKER

TO RING X-BEND INSTALLED
Y-BEND INSTALL * TESTED

START
BEAM

INJECTION\7

SYSTEM

COMPLETE

SYSTEM START
DESIGNS KICKER

COMPLETE DESIGN

SYSTEM
• PR00UCT10N INSTALLAT10I

COMPLETE COUPLETt
OT7

DUMP

COMPLHE

DETAIL
DESIGN

ACCELERATION
CAVITY

7̂

DETAIL
DESIGN

STORAGE
CAVITY

X7
SYSTEM

\7

RF GYMNASTIC
STORAGE CAMTY 1
SYSTEM AMPLIFIER

S7 KT

START
BEAM POSITION

UONITDK
PRODUCTION

2

WDEBAND
BEAM POSITION

MONITOR
COMPLETE

T7

BEAM
POSITION
MONITOR

ECTROCS

BEAM
MONITOR INSTRUU. SEAM

ELECTRONICS FABRICATION INSTRUU
COMPLETE COMPLETE INSTALLED

V \7 7̂

BEAM
INSTRUM.

COMPLETE
\7

CONSOLE
DESIGN

COMPLETE
t7

BASE
DES1CN

COMPLETE
t7

a i A L . DESIGNS
FOR LARGE
DETECTORS

V 7

START ASSY
Of URGE

DETECTORS IN
EXPERIMENTAL HALLS

T 7

MILESTONE LEGEND

ALL MILESTONES ARE CONSIDERED COMPLETIONS



Table VI-2. RHIC Construction Milestone Log

RHIC PROJECT
Project Start Oct. 1989
Magnet Production Start Oct. 1990
Final Design for Large Detectors Oct. 1991
First Arc Sextant Jan. 1993
Start Assembly of Large Detectors Oct. 1993
Tunnel Construction Complete Mar. 1994
Arcs Complete Jun. 1994
Magnet Production Complete Sep. 1995
Rings Complete Oct. 1995
Rings Cold Jan. 1996
Beam Circulated Mar. 1996
Large Detectors Operational May 1996
Colliding Beams Jul. 1996

MAGNET SYSTEM
Production Start Arc Dipole & Quad Oct. 1990
Start Magnet Installation Jan. 1992
Magnet Production 50% Complete Jan. 1993
Production Start Insertion Magnet Quad Oct. 1993
Arc Magnets Complete Mar. 1984
Magnet Production Complete Sep. 1995
Magnet Installation Complete Oct. 1995

MAGNET ELECTRICAL SYSTEM
Flat Top P.S. Installed Jan. 1993
Main Ring P.S. Installed Dec. 1993
Quad P.S. Installed Feb. 1994
Insertion Dipole P.S. Installed Jan. 1995
Insertion Quad P.S. Installed Jul. 1995
Electrical System Complete Oct. 1995

CRYOGENIC SYSTEM
Transfer Line Design Complete Oct. 1991
Transfer Line Ordered Oct. 1992
Transfer Line Procurement Complete Jan. 1995
Cryogenic Distribution System Installed Jul. 1995

VACUUM SYSTEM
Sextant Vacuum Complete Aug. 1992
Start Components Installed Apr. 1993
Insertion Design Complete Oct. 1994
Installation Complete Apr. 1995
UHV System Complete Jun. 1995

INJECTION SYSTEM
Y-Bend Dipole Production Complete Aug. 1993
Beam Transferred to Ring Y-Bend Nov. 1994
X-Bend Installed Mar. 1995
Fast Kicker Installed and Tested Apr. 1995
Start Beam Injection j a n . 1996

(continued on next page)
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Table VI-2. RHIC Construction Milestone Log (Cont'd)

BEAM DUMP
System Concepts Complete Oct. 1992
System Designs Complete Jul. 1993
Start Kicker Design Sep. 1993
Production Complete Mar. 1995
System Installation Complete Apr. 1995
Beam Dump System Complete Dec. 1995

RF SYSTEM
Detail Design Acceleration Cavity Complete Sep. 1993
Start Acceleration Cavity Production Jan. 1994
Main RF Acceleration System Complete Dec. 1995
Gymnastic Cavity and Amplifier Complete Mar. 1996

BEAM INSTRUMENTATION
Start Beam Position Monitor Production Apr. 1991
Wideband Beam Position Monitor Complete Oct. 1993
Beam Position Monitor Electronics Complete Oct. 1994
Beam Instrumentation Fabrication Complete Jan. 1995
Beam Instrumentation Installed Apr. 1995
Beam Instrumentation System Complete Dec. 1995

CONTROLS SYSTEM
Console Design Complete Apr. 1992
Data Base Design Complete Apr. 1993
Computer Bids Jul. 1993
System Demonstration Complete Apr. 1994
LAN Installed Jul. 1994
Controls Installed Apr. 1995

DETECTORS
Final Designs for Large Detectors Jan. 1992
Start Assembling of Large Detectors Oct. 1993
Large Detectors Operational May 1996
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VI.3. 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 specification of a heavy ion
collider has been undertaken by BNL as pan of its Exploratory Research Program. These
funds along with R&D funding in FY 87-FY 89 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 superconduct-
ing dipole magnets which test the design concepts described in Section IV.4 of this
report. This report and the concomitant R&D plan are based on the R&D funding plan
shown in Table VI-3.

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 six year construction period beginning in
FY 90. A summary of the major R&D milestones is given in Table VI-4. Figure VI-4
shows the R&D master schedule.

Table VI-3. RHIC R&D Funding Plan
WBS 2.0 RHIC R&D Summary Estimate

($ in Thousands)

WBS 2.1.1
2.1.2
2.1.3
2.1.4
2.1.5
2.1.6
2.1.7
2.1.8
2.1.9

Magnet Sys.
Mag. Elec. Sys.
Cryogenic Sys.
Vacuum Sys.
Injection Sys.

Prior
Years

4558
25

248
50
50

Beam Dump Sys. 50
RF System
Beam Instrum.
Control System

2.1.10 Ace. Physics
2.1.1

WBS 2.1
WBS 2.2

1 Administration

Accelerator Sys.
Detectors

Subtotal
G&A

Total 89S

Total AYS

50
50
25

288
770

6164
0

6164
2636

8800

8800

FY89

2558
33

299
50
70
70
80

100
50

444
535

4289
0

4289
1911

6200

6200

FY90

2560
74

300
110
95

115
180
90
55

183
155

3917
651

4568
1732

6300

6600

FY91

1195
100
625
150
180
250
313

80
70

183
155

3301
931

4232
1968

6200

6800

FY92

129
167
560
135
160
220
285

80
320
183
155

2394
1770

4164
1936

6100

7000

FY93

0
149
450

90
115
145
165
60

340
123
155

1792
2235

4027
1873

5900

7200

FY94

0
90

275
90

100
145
100
40

180
123
155

1298
1842

3140
1460

4600

6000

FY95

0
50

0
35
35
35
35
35

107
55
80

467
1240

1707
793

2500

3500

TOTAL

11000
688

2757
710
805

1030
1208
535

1147
1582
2160

23622
8669

32291
14309

46600

52100

•R&D Plan for a Relativistic Heavy Ion Collider," BNL 36818, Oct. 1988.
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Table VI-4. Summary of Major R&D Milestones (All Milestones are Completions)

Planned
Date

Actual
Date

MAGNET R&D
Cold Test First 9.7 m Arc Dipole
Cold Test Arc Quadrupole
Cool Down of Full Cell
Arc Magnet R&D
Completion of First Arc Sextant
Insertion Magnets R&D

MAGNET ELECTRICAL SYSTEM R&D
Electrical System for Full Cell Test
Quench Protection R&D
Electrical System for Sextant Test

CRYOGENICS R&D
Full Cell Cold
Recooler and Transfer Line Design Study
Transfer Line Procured
Arc Sextant Cold

VACUUM SYSTEM R&D
Standard Pump Package Design
Leak Location Methods
Standard Insertion Concepts

INJECTION SYSTEM R&D
Sysrem Design Concepts
Kicker Model Test
Septum Magnet Model

BEAM DUMP R&D
Beam Dump Computer Simulation
Beam Dump System Design Concepts
Beam Scraping Computer Simulation
Magnet Model Tests

RF SYSTEM R&D
Accelerating Cavity Model
26.7 MHz Cavity/Driver Model Test
160 MHz Cavity/Driver Model Test
Gymnastics Cavity Model

BEAM INSTRUMENTATION R&D
Beam Position Monitor Development
Beam Position Electronics Development
Beam Instrumentation Concepts
Transverse Damper
Beam Profile Monitor

CONTROL SYSTEM R&D
System Design Concepts
LAN R&D
Arc Sextant Controls Complete
Standard Device Controller Complete

ACCELERATOR PHYSICS R&D

Jan. 1987
Sep. 1987
Dec. 1989
Jan. 1990
Sep. 1992
Aug. 1992

Jan. 1987
Apr. 1990
Jul. 1992

Dec. 1989
Dec. 1989
Jul. 1991
Dec. 1992

Jul. 1991
Jul. 1991
Apr. 1992

Oct. 1990
Oct. 1992
Oct. 1992

Apr. 1990
Apr. 1990
Oct. 1990
Oct. 1991

Sep. 1992
Dec. 1992
Dec. 1993
Sep. 1994

Oct. 1990
Apr. 1991
Oct. 1991
Oct. 1992
Oct. 1992

Oct. 1991
Apr. 1992
Oct. 1992
Oct. 1992

Jan. 1987
May 1988

Jan. 1987
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Tab!e VI-4. Summary of Major R&D Milestones (All Milestones are Completions)

(Cont'd)

Lattice Finalized
Analysis of Magnet Imperfections and Corrections
Performance Limitations Studies
Accelerator Computer Model Requirements

DETECTOR R&D
Priorities Established for Generic R&D
Conceptual Design/First Proposals Due
Designs Complete for Large Detector Systems
Prototype Studies for Large Detector Systems
R&D for First Round of Detectors Complete

Planned
Date

Oct. 1987
Apr. 1989
Oct. 1990
Oct. 1992

Oct. 1988
Oct. 1990
Jan. 1992
Jul. 1993
Oct. 1995

Actual
Date

Mar. 1988

Oct. 1988
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VI.4. Operating Costs

We have estimated operating costs for RHIC 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 capability even with very efficient opera-
tions. In short, ihere will be a large backlog 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.

It is customary that 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. The facility operating
cost are the incremental costs for operating the collider.

In addition to these facility operating costs for RHIC, there are operating costs
associated with the injector systems: AGS, Booster, and Tandem. The estimate of cost
for opeidtion of the injector systems is shown in Table VI-5.

Furthermore programmatic plant and capital equipment expenses directly related to
the facility have been estimated at 3.5 (FY 90 M$) per year at full operation. This
estimate is for the on-going facility and research program tasks associated with the new
machine. An additional 6.8 (FY 90 M$) is estimated as the annual capital expense for the
on-going research program.

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 1990's. If so, the cost of running as an injector system to RHIC would be
somewhat reduced from the estimate given above).

Table VI-5. Annual Operating Costs (FY 90 M$)

Facility Operating Costs
Injector Operating Costs

AGS
Booster
Tandem

Annual Capital Equipment
TOTAL

Research Program Capital Equipment

14.2
2.4
1.7

36.4
18.3

3.3
58.0
6.8
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VI.5. 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 RHIC. These call for an
experimental program which involves systematic study of many different reaction
properties. The early configuration of experimental detectors should include instrumenta-
tion capable of a broad search with sensitivity to many of the expected signatures of new
phenomena as well as specialized apparatus whose performance is optimized for particu-
lar signals (e.g., leptons, strange particles, jets, etc.). The program of early experiments
should also have some degree of flexibility to respond to new theoretical and experimen-
tal developments which may arise during the years when the collider is under construc-
tion and the designs of large detectors effectively frozen by long construction schedules.
This flexibility might be achieved by planning for a few relatively 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 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 first-
round experiments could be expended during the first year of operation.

On the basis of these considerations we plan that the first round of experiments will
use the four completed experimental areas. Our planning assumed an active user pool of
more than 300 physicists. Workshops were held in April 1985, May 1987 and July 1988
to study in some detail a few specific experiments for RHIC.1" 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.

Using this set of conceptual designs as u model, we estimate the detection equip-
ment cost, including contingency, to be approximately $74 M (FY 89$). The correspond-
ing R&D cost for detectors is estimated to be 15.5 M.

P. Haustein and C. Woody, eds., Proc. BNL Workshop on Experiments and Detectors for a Relativistic
2Heavy Ion Collider, BNL 51921 (1985).
H. G. Ritter and A. Shor, eds., Proc. Second Workshop on Experiments and Detectors for a Relativistic
Heavy Ion Collider, LBL 24604 (1988).
B. Shivakumar and P. Vincent, eds., Proc. Third Woikshop on Experiments and Detectors for a
Relativistic Heavy Ion Collider (RHTC), BNL 52185 (1988).
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VII. MANAGEMENT PLAN

A detailed Management Plan for the RHIC project will soon be updated and will be
presented in a separate document. It establishes guidelines for management, technical,
and adminisirataive responsibilities throughout the life of the project.

RHIC Management Plan, BNL 37930, October 1987.
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02.0

APPENDIX. RHIC Parameter List

PERFORMANCE 197 Au 79+

02.0.01. Design energy each beam

02.0.03. Injection energy

02.0.05. t ions/bunch

02.0.07. Bunches/ring

02.0.09.01 Beam current
02.0.09.02

02.0.11.0-. Bunch spacing
02.0.11.02

02.0.13.01 (formalized emittance
02.0.13.02
02.0.13.03
02.0.13.04

02.0.15.01 Bunch phase space area
02.0.15.02

02.0.17.01 Beam height rms g crossing
02.0.17.02

02.0.19.01 Beam width rms g crossing
02.0.19.02

02.0.21.01 Luminosity
02.0.21.02
02.0.21.03
02.0.21.04

02.0.23. Bunch length rms

02.0.25.01 Diamond length rms
02.0.25.02
02.0.25.03
02.0.25.04

02.0.27.01 Beam-beam tune spread
02.0.27.02

kinetic

kinetic

average
peak

3 100 GeV/u & 0 h
g 100 GeV/u & 10 h
g 30 GeV/u & 0 h
6 30 GeV/u & 10 h

6 100 GeV/u & 10 h
g 30 GeV/u & 10 h

g 100 GeV/u
@ 30 GeV/u

g 100 GeV/u
g 30 GeV/u

g 100 GeV/u
g 100 GeV/u
g 30 GeV/u
g 30 GeV/u

6 100 GeV/u
g 100 Gev/u
@ 30 GeV/u
g 30 GeV/u

max g 100 Gev/u
max @ 30 GeV/u

beta* = 2 m
beta* " 6 m

beta* - 2 m
beta* = 6 m

10 h & 0 mrad
10 h & 3.1 mrad
10 h & 0 mrad
10 h & 6.8 mrad

0 mrad
3.1 mrad

0 mrad
6.8 mrad

0 mrad
6 x beta* - 6 m

100

10.4

1 E+09

57

56
4.9

67
224

60
69
10
34

1.2
0.8

0.5
1.1

0.5
1.1

~ 2 E+26
- 1 E+26
- 3 E+25
~ 2 E+25

31

22
16
22
16

2.3 E-03
0.014

GeV/u

GeV/u

mA
A

m
nsec

pi mm.mrad
pi ran.mrad
pi ran.mrad
pi ran.mrad

eV.sec/u
eV.sec/u

inn

z
cra-2.sec-l
cm-2.sec-l
cm-2.sec-l
cm-2.sec-l

cm

cm
cm
cm
cm

02.1 LATTICE & EXPERIMENTAL INSERTIONS

02.1.01. * GEOMETRY *

02.1.10. Circumference 4 3/4 C AGS 3833.852
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02.1.12. # Insertions

02.1.14. Radius of arcs

02.1.16. Dlpole banding radius

02.1.18. Beam separation ln arcs

02.1.19. • INSERTION PARAMETERS *

02.1.20.01 Beta* V

02.1.20.02

02.1.21.01 Beta* H

02.1.21.02

02.1.22. Dispersion S crossing

02.1.23. Xp' 8 crossing

02.1.24.01 Beta max

02.1.24.02

02.1.25. Crossing angle

02.1.26.01 Insertion length

02.1.26.02

02.1.27. Free space 8 crossing

02.1.29. * LATTICE PARAMETERS *

02.1.30. Betatron tune

02.1.32. Transition energy

02.1.34.01 Natural chromatlclty

02.1.34.02

02.1.36. Operating chrotiaticity

02.1.40. • cells per arc

02.1.42.01 Half cell length

02.1.42.02

02.1.44. Beta max 6 arc center

02.1.46. Dispersion max S arc center

02.1.48. Phase shift pii coil

02.1.50. Dynamic acceptance

02.1.52. Momentum aperture

average

beam

100 GeV/u

30 GeV/u

10J GeV/u

30 GeV/u

beta* = 6 m

bei.a* = 2 m

inner

outer

H&V

H&V

H&V

gamma T

6 x (beta* - 6 m ) H&V

6 x (beta* - 2 m ) H&V

H&V

inner

outer

H&V

H&V

6

381.233

243.241

90

2
6

2
6

0

0

225

625

m
m

m

m

m

m
m

0 / 6.8

141.729
141.781

+/- 9

mrad

m
m

28.82

24.8

-45
-74

- 0

12

14.794

14.829

49.8

1.56

88.20

6

+/- 0.5

m
m

m

m

deg

pi mrad.nn

Z
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02.2 MAGNET SYSTEM

02.2.02. t dipoles, total

02.2.04. # quadrupoles,total

02.2.10. * ARC MAGNETS *

02.2.14.01 t regular dipoles
02.2.14.02
02.2.14.03

02.2.16. t arc quadrupoles

02.2.18.01 Magnetic rigidity. B.rho
02.2.18.02

02.2.20. Integrated field strength

02.2.22. Integrated field gradient

02.2.24. Dipole field

02.2.26. Quench field

02.2.28. Currant

02.2.30. Dipole magnetic length

02.2.32. Dipole yoke length

02.2.34.01 Dipole bending radius
02.2.34.02

02.2.36. Sagitta

02.2.40. Quadrupole magnetic length

02.2.42. Quadrupole gradient

02.2.44. Stored energy, dipole

02.2.46. Stored energy, quadrupole

02.2.SO. Coil i.d. arc magnets

02.2.52.01 Yoke aperture
02.2.52.02

180/ring + 12 common

276 arc + 216 insrtn

total/ 2 rings
in arc/ 2 rings
in insrtn/ 2 rings

injection
top energy

100 GeV/u

100 GeV/u

100 GeV/u

100 GeV/u

in arc

maximum

maximum

arc dipole
arc quadrupole

arc dipole

arc quad H&V av

cold
room temperature

02.2.54. Yoke diameter

02.2.56. Vacuum vessel o.d.

02.2.60. Tolerance integral (del B)/B in dipole 8 0 cm

372

492

312
288
24

276

96.25
839.5

32.61

81.39

3.451

~ 4.6

5.0

9.46

9.7

243.24
244

48.2

1.13

72.0

770

50

80

119.2
109.2

266.7

560

5 E-4

T.m
T.m

T.m

T

T

T

kA

m

m

m
m

m

T/m

kJ

kJ
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02.2.62. Tolerance integral (del G)/G in quad 6 0 cm 2 E-3

02.2.64.01 Installation tolerance
02.2.64.02
02.2.64.03
02.2.64.04
02.2.64.05

02.2.70. INSERTION MAGNETS *

02.2.71.01 # insertion dipoles
02.2.71.02
02.2.71.03
02.2.71.04
02.2.71.05

02.2.72. Integrated strength, BC1

02.2.74. Field, BC1

02.2.76. Coil i.d., BC1

02.2.78. Integrated strength, BC2

02.2.80. Field. BC?.

02.2.82. Coil i.d., BC2

02.2.83.01 magnetic length

02.2.83.02
02.2.83.03
02.2.83.04
02.2.83.05

02.2.84.00 Gradient
02.2.84.01
02.2.84.02
02.2.84.03

02.2.86.00 Coil i.d.
02.2.86.01
02.2.86.02

02.2.88. beam tube i.d.

02.2.90. * CORRECTOR/TRIM MAGNETS *

02.2.92. Dipole strength

02.2.94.01 Quadrupole strength
02.2.94.02

02.2.96. Sextupc 2 strength

02.2.9B. Octupole strength

C2.2.99. Decapole strength

dipole
dipole
dipole
quadrupole
quadrupole

total / 2 rings
BC1
BC2
BS1-I
BS1-0

S 100 GeV/u

S 100 GeV/u

BC1
BC2
BS1-I
BS1-0
BS2

Q4-Q9
01,0.2,0.3
Q8-0 8 6 o'clock
Q6-I 8 6 o'clock

Q4-Q9
Q1.Q2.Q3
Q6-I 6 6 o'clock

08-0 B 6 o'clock

H&V
rotation
azimuth
H&V
rotation

arc-type
CBA-type
CBA-type
CBA-typp

cold bore
cold bore
cold bore

warm bore

0.5
1
1
0.25
1

60
12
24
12
12

15.27

4.63

17

12.01

2.73

8.0

3.3
4.4
3.57
5.46
9.46

72.0
57.4
57.4
57.4

80
131
131

88

mrad rms
n^o J.UIS

D D rms
mrad rms

T.m

T

cm

T.m

T

cm

m
m
m
m
m

T/m
T/m
T/m
T/m

UXJI

B L H&V 0.3 T.m

B' L
B' L

B " L

B " ' L

B " " L

arc normal&skew
insertion skew

1.5
1.5

300

3.6

540

T
T

T/m

kT/m"2

kT/ra-3
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5.5

650

75

1154
492

kA

V

V

02.3 MAGNET ELECTRICAL SYSTEM

02.3.10. Main supply current capability

02.3.12. Main supply voltage maximum

02.3.14. Main supply voltage, flat top

02.3.16.00 # pcwer supplies total 2 rings
02.3.16.01 closed orbit 2 rings

02.4 CRYOGENIC SYSTEM

02.4.10. Operating temperature SC Magnets maximum 4.6 K

02.4.12.01 Temperature Refrigerator output 4.3 K

02.4.12.02 Beat shield, ave. 55 K

02.4.14. Mass flow in magnets 300 g/sec

02.4.16.01 Beat load Dipole vessel Primary 3.5 W

02.4.16.02 Dipole vessel Secondary 20 W
02.4.16.03 Magnet system Primary 3.4 kW
02.4.16.04 Distribution system Primary 1.3 kW
02.4.16.05 Lead system 5.5 kW
02.4.16.06 Total Primary 10.2 kW
02.4.16.07 Total Secondary 26.9 kW
02.4.18.01 System capacity Primary 25 kW
02.4.18.02 Secondary J5 kW

02.4.20.01 # compressors First stage 20

02.4.20.02 Second stage 5

02.4.22. Compressor power requirements 9 KW

02.4.24.01 He pressure in magnets Operation in 10 atm

02.4.24.02 operation out 4 atm
02.4.24.03 Cooldown in 15 ate
02.4.24.04 cooldown out 2 atm
02.4.2S. Cooldown time, entire system 10 days

02.4.28. Magnet replacement time 6 days
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02.5 VACUUM SYSTEM

02.S.10. Vacuum chamber, aperture

02.S.12. Pressure Hydrogen Warm section

02.S.14. Bakeout temperature Warm section

0-.5.16. Cold bore molecular density Hydrogen and Helium

02.S.18. Cold bore pressure Room temp, equival.

02.5.20. Insulating vacuum

7.29

< 1 E-10

250

3 E+6

1 E-10

< 1 E-5

cm

Torr

C

cm-3

Torr

Torr

02.6 INJECTOR & BEAM TRANSFER

02.6.10.

02.6.12.

02.6.14.

02.6.16.

02.6.18.
02.6.18.

02.6.20.

02.6.22.

02.6.24.

02.6.26.

02.6.30.
02.6.30.
02.6.30.
02.6.30.

02.6.40.
02.6.40.
02.6.40.
02.6.40.
02.6.40.
02.6.40.

02.7

31
02

01
02
03
04

01
02
03
04
05
06

A6S energy, kinetic

Au iona/AGS pulse

Normalized emittance

Longitudinal phase space

Bunch length

Momentum spread

A6S pulses stacked/ring

# ions in collider/ring

Total filling time, per ring

Deflection

Kicker

BEAM DUMP

Kicker
Septum #2
Septum #1
Septum #0

strength
field
length
risetime
aperture
aperture

02.7.10. Stored energy per beam

02.7.12. System response time

10.4

1 E+9

10 E-6

0.3

17
4.B8

+/-1.0 E-3

57

6.3 E+10

- 1

1.3
2.8
48.2
55.5

0.132
400
3.25
95
20
40

GeV/u

pi.rad.m

eV.sec/u

nsec
91

min

mrad
mrad
mrad
mrad

T.m
G
m
nsec

300

500

kJ

microsec
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02.7.20.01 Kicker
02.7.20.02
02.7.20.03

02.7.30.01 Sweeper
02.7.30.02

02.7.40. Septum

strength
rise time
aperture

strength
rise timo

strength

H & V

12
1
70

12
13

kG.m
microsec
mm

kG.m
microsec

60 kG.m

02.8 rf SYSTEMS

02.8.10. Rotation frequency v - c

02.8.12.01 Harmonic number
02.8.12 02

02.8.14.01 Rf frequency
02.8.14.02

02.8.16.01 Synchrotron oscillation freq. g top energy
02.8.16.02 g injection
02.8.16.03 § top energy

02.8.18.01 Total rf voltage
02.8.18.02

02.8.20.01 # cavities per ring
02.8.20.02

02.8.22.01 Shunt impedance per cavity
02.8.22.02

unloaded

02.8.24.01 Impedence to beam per cavity n-342
02.8.24.02 n-2052

02.8.2S.01 Tuning range
02.8.26.02

02.8.30. Microwave impedance, Z/n n > 4000

C2.8.31. Acceleration period

02.8.32. Rf phase angle acceleration

02.8.34. Maximum dB/dt

02.8.36. Bunch area 8 transition

02.8.38. Momentum spread 6 transition

02.8.40. Bucket length, storage mode

02.8.42.01 Bunch-to-bunch separation
02.8.42.02

78.196 kHz

acceleration rf
storage rf

acceleration rf
storage rf

acceleration rf
acceleration rf
storage rf

acceleration rf
storage rf

acceleration rf
storage rf

acceleration rf
storage rf

acceleration rf
storage rf

acceleration rf
storage rf

ring total

300 kV

342
2052

26.743
160.5

~ 50
- 130
- 230

0.4
4.5

2
6

0.9
6.8

0.3
0.7

1
0.1

2

1

8.9

500

0.3

+/-0.5

1.87

67.27
224

MHz
MHz

Hz
Hz
Hz

MV
MV

M Ohm
M Ohm

M Ohm
M Ohm

Z

z
Ohm

min

deg

G/sec

eV.sec/u

Z

m

m
nsec
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02.9 CONVENTIONAL FACILITIES

02 .9 .10 .01 Main tunnel
02.9.10.02

02.9.14. Injaction tunnel

02.9.16.01 Narrow angle hall
02.9.IE.02
02.9.16.03

02.9.18.01 Hlda angle hall
02.9.18.02
02.9.18.03

02.9.20.01 Major facility
02.9.20.02
02.9.20.03

02.9.22.01 Open area
02.9.22.03

02.9.32.01 Floor area
02.9.32.02
02.9.32.03
02.9.32.04
02.9.32.05

width
height

width

Floor area
Height
Seam height

Floor area
Height
Beam height

Floor area
Height
Beam height

Floor area
Beam height

Collider Center
Compressor Bldg
Inj/Ej PS Bldg
Support Bldgs
rf Structure

Total
Total
5 o'clock

5.0
3.4

3.0

27.7 x
8.4
1.7

16.1 x
12.2
4.3

50.9 X
14.3
5.2

57.3 x
2.2

42200
10000
12000
14300
1800

12.2

32.0

17.4

29.3

m
m

m

m2
m
m

m2
m
m

m2
•
m

m2
ra

ft2
ft2
£t2
£t2
ft2

*** End of Rapoxt ***
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