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I. Introduction

In August, 1983 a Working Group of nuclear énd particle physi-
cists was convened at Brookhaven to consider the basic parameters
for a high energy heavy ion collider facility. The meeting was in
response to a unique set of circumstances arising from the termina-
tion of the CBA project and the result of the NSAC long range plan-
ning studyl in which an ultra-relativistic heavy ion collider was
identified as the important new scientific opportunity for U.S.
nuclear physics. '

For some time there had been strong interest at Brookhaven in
exploiting the existence of the Colliding Beam Accelerator, CBA (nee
ISABELLE), for the generation of heavy ion collisions at very high

energies.2

Now the opportunity arose to consider the design of a
dedicated heavy ion collider which could take advantage of the work
already invested in.the CBA project.

In its report3 the Working Group recommended a top energy of at
least 50 + 50 GeV/amu, emphasizing the need to cover a continuous
range of energies extending as low 5 + 5 GeV/amu, with ion masses
ranging from protons up to A > 200, and luminosity L > 102%cm=2sec-!
initially, ultimately reaching much higher values.

These parameters were the subject of extensive scrutiny at the

* one month later at which several of the

Quark Matter '83 Conference
world's laboratories presented possibilities for very high energy
nuclear beam facilities. After several days of such discussions a
round table panel at the Conference® strongly endorsed the
recommendations of the August Working Group, with an emphasis on
making the top energy as high as possible without sacrificing the
capability for exploring the low energy range as well.

In the months since the Quark Matter '83 Conference an inten-
sive design effort has been carried out at Brookhaven for a dedica-

ted Relativistic Heavy Ion Collider (RHIC) using the existing site,



tunﬁel, cryogenic refrigerator and experimental areas of the CBA
project. During the course of this stﬁdy a number of heretofore
unappreciated features of accelerator physics came to light
regarding the special case of storing intense beams of highly
charged ions.® Most important of these is the phenomenon of
intrabeam scattering7 which imposes strong limitations on the
performance of a heavy ion collider. Nonetheless, the requirements
outlined above can be met.

The Brookhaven RHIC design was completed and submitted as a
preliminary proposala to the U.S. 'Department of Energy during June,
1984. It calls for a top beam energy of 100 GeV/amu for A = 200,
and the acceleration of ion masses spanning the full periodic
table. The proposed accelerator complex utilizes the existing
Tandem Van de Graaff and AGS as source and injector, and will pro-
vide center-of-mass collision energies from 1.5 + 1.5 GeV/amu to 100
+ 100 GeV/amu.

This range is covered, with no gaps, using the AGS beams for
fixed target experiments (VYs/A < 5 GeV/amu); one collider beam stri-
king an internal gas jet or thin wire target (5 GeV/amu < Ys/A < 14
GeV/amu), and the colliding beams of the Collider itself (14 GeV/amu
‘< ¥s/A < 200 GeV/amu). The complete facility will thus provide
heavy ion collisions over a spectrum of energies which begins just
above the present Bevalac, extends through the range of "maximal
stopping"9 where high energy density is achieved at high baryon
number, and on up to the extremely high energies now being glimpsed
in rare cosmic ray events.

In the high energy regime achieved with the collider we expect
a fully developed central rapidity region: an environment as close
as we can achieve in the laboratory to that of the very early uni-
verse and the baryon-free conditions assumed in gauge theory calcu-
lations of finite temperature QCD and in hydrodynamic theories of
the evolution of a quark-gluon plasma. At these energies we have
access to a regime in which we know the individual nucleon bags can
be penetrated, dislodging the constituent quarks and gluons. Here a
potentially powerful probe becomes accessible in the form of jets
observed after propagating through the new matter created in the
collision.!®

Fig. 1 shows the range of energies and kinematic terrain
covered by the AGS and RHIC complex. In the following sections we
discuss the detailed design parameters and performance specifica-

tions.
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Figure 1.

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 fragmenta-
tion regions of width Ay = 2, as observed in proton-
proton collisions. The dashed lines indicate the wider
(Ay = 4) fragmentation reglons——and hence narrower cen-
tral 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 oxygen. beams in the CERN SPS.



-II. The RHIC Design
ITI.1 Source and Injection

Figure 2 is a site plan of the Brookhaven accelerator
complex, showing the major components of the RHIC facility. The
existing Tandem Van de Graaff accelerators will serve as source and
initial ion accelerator. The ions will then traverse a long (#2000
ft) transfer line to a small Booster synchrotron, from which fully
stripped ions at an energy of =320 MeV/amu are injected to the AGS.
Each particle bunch transferred from the Booster to the AGS is
accelerated to the top AGS energy (28 GeV for protons; 1l GeV/amu
for gold) and then transferred to the Collider by a magnet system
installed in the existing injéction line tunnels.

Construction of the transfer line from the Tandem accelerators
to the AGS has now begun, as part of a program to accelerate ion
beams in the AGS for fixed target experiments beginning in 1986. %1
These experiments will initally have the Tandem alone as ion source,
providing fully stripped ions for injection directly into the AGS up
to sulfur (A = 32). Higher masses require the Booster. Brookhaven
has requested funds for the Booster as part of a general improvement
of the AGS performance for high energy physics experiments. If it
is funded construction is expectedbto begin in 1986, making it
operational in 1988.

The Tandem Van de Graaf provides beams of very small trans-
verse emittance (< 1lm mm mrad at exit), with an energy stability of
one part in 10*, and so is well suited for injecting heavy ions into
a synchrotron. Using a new type of sputter ion source® the machine
can be operated in a pulsed mode with currents up to 200 uA. The
ions pass through two stripping foils before arriving at the
booster, where Gold is in charge state +33.

Table 1 shows the characteristics of the beam injected into
the Booster for a representative sample of ion species. Here ey
is the normalized emittance and Ng is the total number of parti-
cles in one Booster £ill, which will be transferred to the AGS as
one bunch. The maximum number of particles which can be injected to
the Booster (the space charge limit) is given as Ngc in Table 1.

It will be seen that the -beam intensity is limited by the.Tandem
currents for the lighter ions, up to Copper, while for the heavier
ions the maximum intensity is determined by space charge limits.
After“extraction from the booster and on their way to the AGS the
ionseﬁéés through one more stripping target. The ions injected into

the AGS are then fully stripped.
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Table 1

Beam Intensity, Emittance of Injection into the Booster

eN . TreV * * %
Element T emm *mrad usec Ny x 10° Noo x 1072
Deuterium = 8.8 3.81 100.0 438.0
Carbon | ) 6.3 | 5.33 22.0 37.0
Sulphur 6.0 6.72 6.7 11.0
Copper 3.9 . | 8.60 ) 4.7 5.5
Iodine 3.0 11,31 3.4 3.2
Gold 2.3 14.53 3.6 2.2

*With 8-turn injection

**at Av = .1

Since the ions are completely stripped upon injection to the
AGS, there is no requirement for improvement of either the wvacuum or
the rf system of the present accelerator. Ions will be transferred
one bunch at a time from the Booster to the AGS, with each bunch
then accelerated to the top energy of the AGS and sent to the col-
lider. The cycle time for this process is 0.8 Hz.

II.2 The Collider

The layout of the collider is illustrated in Fig. 3. it
is composed of two identical concentric rings in a common horizontal

plane. There are six '‘crossing points.
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Figure 3.
Geometry of the Collider Beams.

Each ion Bunch accelerated in the AGS is extracted and trans- -
ferred to one of the two Collider rings. The bunch is then captured
by a stationary rf bucket. The two rings are filled in box-car
fashion, with a total of 57 bunches ?er ring. An equivalent number
of AGS pulses is required which gives a filling time a little more
than one minute per ring. The bunch separation is 67 meters, or
about 200 nanoseconds. The major parameters of the collider rings
are given in Table 2. Some properties of the beams, at injection,
are given in Table 3. '



Table 2

General Parameters for the Collider

Circumference 3833.8 m
Revolution Frequency (8 = 1) 78.1972 kHé
Filling Mode ) . Box-Car

No. of Bunches/Ring . 57

Filling Time/Ring = 1 min
Perodicity . 6

Magnetic Rigidity, Bp:

At injection ‘ 9.65 T*m
At top energy 839.50 T-m
Transition Energy, Y 26.4
Betatron Tunes, UH,V 34.4
rf Harmonic Number . 342
rf Voltage | 1.2 MV

Acceleration Time 1l min




Table 3

General Beam Parameters for the Collider

Element Proton Deuter- Carbon Sulphur Copper Iodine Gold
ium

Injection:

Kinetic .

Energy,GeV/A 28.0 13.6 13.6 13.6 12.4 11.2 10.7

Bunch Length

nsec *8.6 8.6 +8.6 +*8.6 8.6 8.6 8.6

No. ions/

Bunch, x 10°  1000. 100. 22. 6.4 4.5 2.6 1.1

Top Energy:

Kinetic .

Energy,GeV/A 250. 124.9 124.9 124.9 114.9 104.1 100.0

Luminosity;:*

(cm™ sec“l)

@ = 0 mrad: 1.2x10°3! 1.2x103! 6x102%%® 5x1028 2x102%  7x102%7 1.2x10%7

a = 2 mrad: (—=———wm—cwmocena——— .23 x a = 0 Values =——e———mmemcce————-— )

*Initial Luminosity at injection.
@ = beam crossing angle.

The insertion regions are designed to provide some measure of

flexibility in the focussing parameters at the crossing points, so

that each insertion may be optimized for a particular experiment or

machine function.

The half cell insertion layout is shown in Fig.

4. The dipoles BCl and BC2 are used to define the crossing angle aj;

BCl is common magnet for both beams.

A free space of 11 meters on

either side of the crossing point is available for detector equip-

ment.
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Optics of a RHIC Half Cell Insertion.

Operation with beams in head-on collisions (a = 0) gives the
maximum luminosity, and also the maximum length of the luminous
diamond. For Au beams at top energy the rms diamond length is =20
cm at injection, and grows by nearly a factor of 3, due to intrabeam
scattering, after 10 hours of operation. With a crossing angle a =
2 mr the diamond size can be reduced, for those experiments which
require it, by a factor of =4, with corresponding reduction in lumi-
nosity (see Table 3). '

The insertion scheme allows for operation with unequal ion
species in the two beams. For example, operation with protons in
one ring and gold ions in the other can be carried out with luminos-
ity 1.2 x 102%cm—2sec—t.

The most severe limitation for maintaining intense beams of
heavy ions over long periods of time is the phenomenon of intrabeam

scattering.s"8

This effect, by which particles in the same bunch
exchange longitudinal and transverse momenta through Coulomb scat-
tering, depends strongly on the charge-to-mass ratio, being propor-
tional to Z“/Az. The phenomenon has been observed in electron and
proton storage rings, and is now understood to be the dominant cause
of beam diffusion for heavy ion colliders. (By way of comparison,
space charge effects such as the beam-beam tune shift and microwave

instability go as Z2%/A.)



Table 4

Experimental Hall Dimensions (Meters)

Beam Hook Height &
Length Width Height = Capacity (tons)
2 o'clock
Central Hall 28 12.0 1.7 6.1/20
Foward Hall 68’ 7.9 1.7 . 5.3%
"Stub" 91 2.4 1.0 2.0*
4 o'clock
Open Area Pad 57 37.0 2.2 ———
6 o'clock
Wide Angle Hall 16 32.0 4.3 10/2 x 20
8 o'clock
Major- Facility Hall 19 15.0 5.2 11/40
2 Forward Halls ' 16 9.0 3.3 6.6%
Assembly Building 19 19.0 5.2 11/40 + 14/7.5

*No Crane:

Ceiling height given.



IV. Conclusion; Costs and Schedules

The availability of completéd construction work and other
assets from the ISABELLE/CBA project represents an unprecedented
opportunity to build, at minimal cost, a dedicated heavy ion faci-
lity with beam energies up to 100 GeV/amu. These assets include
more than just the ring tunnel. They include also: a complete
injection system (the Tandem-Booster-AGS Complex) which will exist
independently of the collider; the injection tunnels from the AGS;
three completed experimental areas (three more undeveloped experi-
mental areas also exist); a central control building. The cryogenic
refrigerator system designed to cool the CBA magnets is complete.

In addition, Brookhaven has an experienced superconducting magnet
group and very large facilities for constructing, assembling and
testing superconducting magnets. The four intersection regions which
have already in place the structures necessary for an operating
experimental area are indicated in Fig. 2. These.areas are at the
2, 4, 6 and 8 o'clock locations. The area at 4 o'clock is an "open
area," with a completed concrete pad and auxiliary building. The '
remaining areas have fully enclosed experimental halls with overhead
cranes. The sizes of these experimental areas are given in

Table 4. The 10 and 12 o'clock experimental areas were left
undeveloped when the CBA project was terminated, and will not be
available for first-round RHIC experiments.

The cost estimate obtained for the RHIC proposal assumes the
completion of the Tandem—-AGS transfer line, which is now under con-
struction, and the Synchrotron Booster, which is planned to start in
FY 1986. "The total cost estimate for the Collider, including con-
tingency, is $134.4 M in 1984 dollars. This assumes a conservative
schedule of 4 years for magnet production (of which the first year
goes to R&D and fabrication of tooling) and 5 years for overall pro-
ject completion. With this schedule, beams could be available for
the first experiments during the latter half of 1990.
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' The half-width for 95% beam containment for gold ions,
as a function of the beam energy, showing the growth
with time due to intrabeam scattering.



The effect of intrabeam scattering on beams of gold ions in
the RHIC lattice is illustrated in Fig. 5. This shows the overall
beam dimension as-a function of the energy at injection (t = 0), and
at the end of two-hour and ten-hour storage periods. It will be
seen that for energies below transition (yp =26.4) the beams
become quickly very large, whereas the beam dimension varies -by no
more than a factor of two for energies above yp. It is the size
of the beam envelope, as shown in Fig. 5, which must determine the
aperture of the collider magnets. The "good field" region of either
quadrupoles or dipoles should .be. large enough .to contain the beam
envelope for the required range of energies and storage times. The
choice of magnet aperture has a direct influence on the overall cost
of the machine as well. For the RHIC design it was decided to set
the aperture to adequately contain the beam for energies above y =
30, after 10 hours of storage. Useful beams are still available
down to vy = 7, but with shorter beam lifetimes. At Yy = 7 the total
collision energy is 7 + 7 GeV/amu, equal to the cm enerqgy of a
single v = 100 beam striking a fixed target. Thus the energy range
below that which is accessible in the collider mode can be covered
by operating a single ring with one or more internal fixed targets.
Suitable targets, with thickness mlO‘ggm cm—2, can be achieved with
gas jets or thin wires. In this way the full range, from the lowest
AGS energy to the top collider energy can be studied, with no inac-
cessible gaps. The luminosity which is achieved for the various
modes of operation over this energy interval is shown in Fig. 6.

Each collider ring has approximately 200 dipole and 250 quad-
rupole magnets. These will be superconducting magnets of a design
optimized for the heavy ion application, and so will be quite -diff-
erent from the magnets designed for CBA. Because of the lower beam
intensity and energy, and a machine design which assumes a short
cell, "strong" focussing lattice, the RHIC magnets will be longer
(=10 m), of smaller aperture, aﬁd have significantly.lower fields
(3.5 T at top energy) than was the case for the CBA design. All of
these differences contribute to a lower cost for the RHIC magnet
system. Candidate solutions now undergoing detailed study call for
adjacent magnets in the two rings to share the same vacuum vessel,
but without magnetic coupling. These "dual" magnets utilize a
single layer dipole design based on experience with the CBA magnets,
as well as dipoles under consideration by the Brown-Boveri Corpora-
tion for the HERA project at DESY, and dipoles under study for the
SScC.
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The average luminosity for 197p4 beams over the full
range of energy accessible with AGS and RHIC.

III. Experiments and Detectors

An experimental program to ekplore all of the facets of this
new physics implies a measurement capability similar to that which
we see in spectrometers for high energy elementary particle experi-
ments. The desigﬁ of instrumentation for experiments with ultra-
‘relativistic nuclear beams has recently been the subject of exten-
sive workshop activity',zr3r12 and these discussions have
included large, general purpose facilities as well as smaller, more
specialized detector systems. Figure 7a shows very roughly the
geométr? and kinematics of a large solid angle detector, designed
for use with cblliding beams and having tracking and calorimetery in
the central rapidity region and at forward angles. A real detector
system might have more limited solid angle coverage. Note that the
number of particles in each of the indicated rapidity intervals is
expected to be many hundreds. The RHIC insertion design and the
experimental halls (three of which are already completed) allow for

detector systems of this scale.
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Fig. 7b shows the same detector configuation being used in a
fixed target mode, with only one of the collider beams accelerated

and striking a thin target, such as a gas jet. Operation in the
fixed target mode-—qtilizing, if need be, the same detectors as in
the collider mode--allows experiments with good luminosity in the
lower .energy range where the Collider luminosities would be unaccep-
tably small. This mode of fixed target operation would not, of
course, require the expense of extracted beams, and provides in a
natural way (as does collider operation) the extremely thin targets
which are crucial for nuclear beams experiments and difficult to
realize in conventional fixed target operation with external beams.
A clear difference between high energy experiments with
elementary particle beams and those with ultra-relativistic nuclear
beams is that in the latter case most of the essential measurements
involve soft particles, with transverse momenta and pair masses
characteristic of the kinetic energies in a thermalized plasma.
These range from near-zero (e.g. coherent photons of a few MeV pro-
duced in conjunction with large-scale charge fluctuations) through
direct radiation from the plasma in the range 0.5-3 GeV. This is in
contrast with the elementary particle case where the focus is
largely on very rare processes produced in the tails of momentum
distributions (Pp > 10 GeV) due to hard scattering events, and
thus backgrounds from soft particles characterizing the average
properties of events are eéSily;eliminated. For nuclear beam
experiments, the signals of interest must generally be extracted
from the high multiplicity component of soft.particles. This also
implies that reasonable samples of useful events can be accumulated
without the requirement of extraordinarily high interaction rateé.
For the most massive ions (A 2»200) the nuclear interaction
cross section is =10 barns. This means that a machine with

! would provide an interaction rate of 1

luminosity L = 1023cm~2%sec™
event/sec. This is already a vast improvement over the present rate
of accumulation for high energy cosmic ray events (=12 events/year
for the JACEE experiment),13 but would not allow much flexibility of
trigger selection. At L = 10%*cm—2sec~! we have available one -
head~on collision per second. With L > 102%cm=2sec-! quite
sensitive experiments become possible. An .upper limit of usable
luminosity (again, for the heaviest ions) is probably in the range

L = 102%m-2sec~!, where the detectors become exposed to a flux of

particles >107secflster‘l. The design luminosity for the proposed



RHIC facility is > 102%cm—2sec~! for Au beams at 100 GeV, as N

‘ indicated in Fig. 6. . '
At the very highest energies, and at luminosities > \

1026cm‘zsec‘1, a new and potentially very powerful probe of nuclear
matter becomes accessible in the form of large transverse momentum
jets. These may allow us to study the propagation of elementary
quarks and gluons through the high temperature plasma in which
chiral symmetry is restored, as well as through ordinary nuclear
matter. To do these experiments, we must detect jets among the high
multiplicity background of soft particles. This background corre-
sponds to =320 GeV of transverse energy per unit rapidity at y = 0.
The amount of this energy in a cone the size of a jet determines the
minimum Pp of an observable jet, which is estimated to be 40 GeV/c
for collisions of A = 200 beams at 100 + 100 GeV/amu. The estimated
rate for observing jets in heavy ion collisions increases very
rapidly with increasing beam energy, as illustrated in Fig. 8.
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Figure 8
The estimated rates for observing jets at large trans-
verse momentum, as a function of the collision energy.
The calculation (Ref. 10) is for gold ions at a lumin-
osity L = 1027cm~2%sec-!. The curves for three differ-
ent threshold values of Pt are shown.



